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In recent years, there has been a growing interest in magnetic nanomaterials used as 
microwave-absorbing materials due to military and civil applications such as stealth technology 
and electromagnetic interference. They are used in portable electronic devices such as smart 
phones and mobile PCs to protect humans from exposure to electromagnetic pollution, which 
could increase the risk of cancer or other neural illnesses. In defense applications, the surface of 
ships, submarines, and aircrafts are coated with electromagnetic absorbing materials to reduce 
the radar cross section (RCS) and increase stealth capabilities.  
 Magnetic materials have long been used as radar absorbers on aircrafts, e.g., in the form 
of iron ball paint. The absorber is usually applied by painting the metal surface with mixtures of 
carbonyl iron and polymer which generates magnetic iron or ferrite particles in situ by 
decomposition and/or oxidation of iron carbonyl. While this approach has been demonstrated to 
be successful in reduction of the RCS, it can be expected that the poorly defined synthetic 
approach produces inhomogeneous layers of magnetic materials with a wide distribution of 
particle sizes and may also generate magnetic particles containing impurities. This lack of 
control over material structure makes it challenging to systematically study and improve 
magnetic materials for electromagnetic wave absorption.  
This research explores the application of magnetic nanomaterials for electromagnetic 
wave absorption. We present organic solution synthesis routes towards preparation of a wide 
range of magnetic nanoparticles, including soft and hard magnetic materials. We have been able 
to manipulate the synthetic conditions to tune the particle size, shape, and composition to tailor 
the magnetic properties in terms of coercivity (Hc) and magnetization (M0). We have evaluated 
the dependence of the permittivity (ε) and permeability (μ) of the nanoparticle assemblies on 
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these parameters, based on which we have further derived the correlation between the 
electromagnetic wave absorption characteristics and the nanoscale architectures of the materials. 
Our research will substantially advance the fundamental understanding of the electromagnetic 
wave absorption behavior of magnetic nanomaterials. The materials and technology developed in 
this research will also have great applications in both civilian and defense industries. 
 
Primary Reader: Dr. Chao Wang 
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Chapter 1. Introduction 
1.1 MOTIVATION 
The purpose behind the work presented herein is to contribute to the development and 
understanding of how nanoscale systems can be utilized to improve various modern 
technologies, predominantly the stealth technology industry. The research within this dissertation 
thoroughly discusses the creation of tailored magnetic nanomaterials as electromagnetic wave 
absorbing materials in an effort to further the link between experiment and theory. This 
dissertation is structured as follows: 
Chapter 2 explores the effect of Fe3O4 nanoparticle size on the intensity and frequency of 
electromagnetic wave absorption. Results show that as the particle size increases, the intensity of 
absorption increases while the frequency of absorption decreases. Further exploration indicates 
that this behavior is largely due to the increase in the imaginary portion of the complex 
permeability, otherwise known as the magnetic loss, of the material as the size is increased. The 
largest studied particle size, a micron size, is undoubtedly the most effective absorber in this 
study, reaching a maximum reflection loss of -19.97 dB at 6.01 GHz with a 30 vol% loading. 
The results are discussed both quantitatively and qualitatively, utilizing mixing rules as a method 
to model the system and link the magnetization (Ms) and coercivity (Hc) to the complex 
permeability and thus, the electromagnetic wave absorption. Previous reports have explored the 
size effect at a microscale level, however this study is the first report that explores the size effect 
on electromagnetic wave absorption at the nanoscale level. 
Chapter 3 presents the effect of doping of a ferrite nanoparticle system, MFe2O4 (M = Fe, 
Co, Cu, Mn, Mg), on the intensity and frequency of electromagnetic wave absorption. Results 
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indicate the intensity of electromagnetic wave absorption follows the trend CuFe2O4 > MgFe2O4 
> CoFe2O4 ≈ MnFe2O4 ≈ Fe3O4 while the frequency of absorption follows the trend CuFe2O4 < 
CoFe2O4 < MnFe2O4 ≈ MgFe2O4 ≈ Fe3O4. CuFe2O4 is by far the most effective absorber in this 
study, reaching a maximum reflection loss of -11.13 dB at 11.22 GHz with a 30 vol% loading. 
Upon further investigation it appears that the dielectric properties of these materials has much 
more of an influence on the electromagnetic wave absorption properties than do the magnetic 
properties. This study is the first report that explores the doping effect on electromagnetic wave 
absorption at the nanoscale level. 
Chapter 4 investigates the effect of alloying on the intensity and frequency of 
electromagnetic wave absorption for magnetic nanoparticle systems. The system studied 
included the three standard magnetic elements, Fe, Co, and Ni, and their resulting bimetallic 
alloys, FeCo, CoNi, and FeNi2. Logic would suggest that the alloyed nanoparticles would display 
a hybrid behavior that is a blend of the two alloyed metals, however results indicate that the 
alloyed nanoparticles are considerably less effective electromagnetic wave absorbers than their 
metallic nanoparticle counterparts. The intensity of electromagnetic wave absorption follows the 
trend Fe > Co > Ni > FeNi2 ≈ CoNi ≈ CoFe while the frequency of absorption follows the Fe < 
Co < Ni < FeNi2 ≈ CoNi ≈ CoFe. Fe and Co are by far the most effective absorbers in this study, 
reaching a maximum reflection loss of -16.94 dB at 6.77 GHz with a 30 vol% loading and -16.38 
dB at 7.95 GHz with a 40 vol% loading, respectively. This study is the first report that explores 
the alloying effect on electromagnetic wave absorption at the nanoscale level. 
Chapter 5 explores the invention of giving an everyday material, such as wood, radar 
absorbing properties through the impregnation of 10 nm Fe3O4 nanoparticles into the pores of 
the wood. The dielectric, magnetic, and microwave absorption properties of the series of the 
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nanoparticle impregnated wood have been carefully investigated, and the analysis has revealed 
that the same principles discussed in Chapters 2-4 hold true when a radar absorbing material is 
embedded into a host template such as wood. In addition, we have shown that a porous material 
may in fact have improved electromagnetic absorption capabilities, which could lead to the 
development of lighter weight, more cost effective microwave absorbers for planes, submarines, 
or other military vessels. Not only is this the first instance of the synthesis of a radar absorbing 
wood, but it is one of the first studies concerning the creation of a radar absorbing material 
through the impregnation of magnetic nanoparticles. 
Chapter 6 discusses the use of superparamagnetic iron oxide (Fe3O4) nanoparticles 
conjugated with targeted antibodies to develop synthesis protocols to make them viable for both 
public health and biomedical applications. Our efforts include the systematic investigation of 
appropriate particle size, phase transfer/ligand exchange techniques, and appropriate water 
soluble PEG ligands for adequate magnetic capture. Through antibody conjugation, these iron 
oxide particles have the potential to target certain cells in the body and treat specific diseases. 
Our protocols have been characterized by transmission electron microscopy (TEM) and dynamic 
light scattering (DLS), which are presented herein. These techniques are presented in an effort to 
increase the knowledge surrounding available biofunctionalization techniques.  
Chapter 7 presents the synthesis of a variety of new promising magnetic or dielectric 
nanomaterials to be studied in the future for electromagnetic wave absorption. For the most part, 
these materials all display a shape anisotropy and can be aligned along an easy axis upon 
exposure to an external magnetic or electric field. Future studies should involve comparing the 
electromagnetic response of these materials while aligned along their easy axis and while 
randomly oriented in order to determine the effect of shape anisotropy on electromagnetic 
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properties and electromagnetic wave absorption. Also discussed is the synthesis of 
Fe2.15Cr0.85Se4, a hard magnetic alloy with composition tunable coercivity and magnetization. 
This material has never before been explored for electromagnetic wave absorption.  
The remainder of this introduction is dedicated to: (1) Discussing the theory behind 
nanoparticle synthesis and techniques used to select for nanoparticles of a given size, shape, and 
composition. (2) An overview of the history and technological development of radar absorbing 
materials. (3) An in depth discussion of theory design principles for electromagnetic wave 
absorbers. (4) An overview of the importance of vector network analyzers and how they work. 
(5) A discussion of superparamagnetic nanoparticles and (6) ferromagnetic nanoparticles as 
electromagnetic wave absorbers. (7) An overview of the broader impacts of electromagnetic 
wave absorbers and their relation to national defense.  
 
1.2 FUNDAMENTALS OF NANOPARTICLE SYNTHESIS 
Nanoparticles are of great scientific interest in modern times, serving as a bridge between 
bulk materials and atomic or molecular structures. Bulk materials usually have constant physical 
properties regardless of size, but at the nano-scale these properties often become size-dependent 
due to the high surface-area-to-volume ratio nanoparticles display.1,2 Nanoparticles can be grown 
in a variety of shapes and sizes dependent upon the synthetic parameters, such as rods, cubes, or 
spheres. While the area of nanoparticle synthesis has been extensively studied dating back to 
Michael Faraday’s gold colloids in 1856, there is still much to be investigated. A wide range of 
nanoparticle synthesis methods have been developed, including colloidal methods (such as 
organic solution synthesis), sol-gel methods, hydrothermal syntheses, and polyol methods. 
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Organic solution synthesis is the predominant method used for the experiments in this 
dissertation and will be the focus of this discussion.  
Organic solution synthesis is often described as having two distinct stages: nucleation and 
growth. The process begins with the nucleation step, in which zero-valence metal atoms form 
through either the reduction of ions or the bond breaking of compounds.3 In classical nucleation 
theory, this stage can be defined by the Gibb’s excess free energy of the system, ΔGr.3–6 The 
excess free energy contains two competing terms, the changes in the surface and bulk free 
energies, with their relationship described in Equations (1) and (2) below:  
   (1) 
       (2) 
where r is the radius of the atomic clusters, γ is the surface free energy per unit area, R is the 
ideal gas constant, ΔGv is the change of free energy per unit volume, T is the reaction 
temperature, Vm is the molar volume of bulk crystal, and S is the ratio between solute 
concentrations at saturation [A]s and equilibrium [A]eq conditions. The relationship between ΔGv 
and S does not take into account the contributions from enthalpy (ΔGv) changes, a limitation of 
the theory.3  
 Using Equation (1) and the Boltzmann distribution, the number of clusters (Nr) as a 
function of radius can be written as:  
   (3) 
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where N0 is the total number of free solute atoms per unit volume in the system, and NA is 
Avogodro’s constant.3 From Equation (3) it can be deduced that the number of clusters 
exponentially decreases with the increase of the surface free energy. When the solute is 
undersaturated, i.e. S < 1, ΔGr remains positive and increases with the radius of clusters, 
indicating that nucleation is not favorable in such systems. In fact, nucleation is only favorable 
when the solute is supersaturated, i.e. S > 1, in which case ΔGr can decrease with an increase in 
cluster radius. The relationship between Equations (1) – (3) is demonstrated in Figure 1.1.  
 
 
Figure 1.1. Illustration of (a) overall excess free energy, ΔGr, and (b) average number of 





As illustrated in Figure 1.1(a), at the maximum of the excess free energy curve, ΔGr, there is a 
critical excess free energy, ΔG*, associated with the critical cluster radius, r*.7–9 At this point, the 
surface energy and bulk energy are equal. Prior to reaching the critical free energy, the system is 
in the nucleation stage in which clusters nucleate, but dissolve back into solution in order to 
lower the free energy of the system. However, after the clusters reach the critical radius, the 
system shifts to the growth stage in which the continued growth of the clusters lowers the free 
energy of the system.  
 The number of clusters achieving the critical radius, Nr
*, can be found by solving the 
equation  
      (4) 
     (5) 
   (6) 
  (7) 
where f0 is the ratio of the number of clusters having the critical size over the total number of 
clusters.3  
 The four critical parameters (r*, ΔG*, Nr*, and dNr*/dt) in Equations (4) – (7) can be used 
to understand the nucleation process: the smaller the critical radius or maximum free excess 
energy is, the easier it is for nuclei to form. Based on these equations, the three most important 
variables controlling the nucleation process are the surface free energy, temperature of reaction, 
and the degree of supersaturation.10,11 From an experimental standpoint, these are the easiest 
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variables to control and will allow for adjustments of the critical free energy, thus adjusting the 
nucleation point. If a system has high surface free energy, which leads to a large critical radius 
and high maximum excess free energy, it is very difficult for nucleation to occur, however, high 
reaction temperatures and excessive supersaturation of the reaction system can help to accelerate 
the nucleation rate.10,11  
 In a practical experiment, both the surface free energy and temperature of reaction are 
fixed, so the degree of supersaturation is the only variable available to help control nucleation 
and growth of the nanoparticles. In order to obtain monodisperse nanoparticles, separation of the 
nucleation and growth phases of the reaction is crucial. If there is not substantial separation of 
these two phases of the reaction, polydispersed nanoparticles will be formed as new nucleation 
happens simultaneously with continuous growth of existing nuclei. Typically, many syntheses 
will use a concept called “burst nucleation”, in which forced nucleation occurs over a very short 
time period in order to achieve a high degree of monodispersity in the nanoparticle products.8,12–
14 The ideal case to produce monodisperse nanoparticles is depicted in the schematic in Figure 
1.2(a) and LaMer’s Plot in Figure 1.2(b), in which “burst nucleation” is used to create adequate 





Figure 1.2. (a) Schematic of the nucleation and growth of metal nanoparticles. (b) LaMer’s Plot 
depicting uniform nucleation and growth of nanoparticles via ‘burst nucleation’.15   
 
 
The shapes of metal nanoparticles can be controlled by both thermodynamic and kinetic 
factors, largely dictated by the parameters of the reaction system such as solvent, capping agent, 
and reducing agent, as the addition of the surface adsorbates helps to lower the free energy of the 
reaction system. When these surface adsorbates are added, it is possible for the solvent to have 
indirect effects by solvent-solvent interactions and can cause anisotropic growth of nanoparticles. 
As a result of this, a synthesis can be directed towards a desired nanoparticle shape.16 The effect 
of various solvents, capping agents, and reducing agents, using platinum nanoparticles as an 
example, is shown in Table 1.1. It should be noted that the data presented in Table 1.1 is specific 
to platinum and may have different effects on other metals.  
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Table 1.1. Shape control of Pt nanoparticles in non-hydrolytic systems.3  
 
As demonstrated in Table 1.1, the selection of the a specific nanoparticle precursor, surfactant, 
solvent, and reducing agent will each have an effect on the resulting shape of the nanoparticle. 





Figure 1.3. Selective possible shapes of nanoparticles, (a) and (b), without defects and bounded 
by (a) one group and (b) two groups of facets; and (c) – (f) with different numbers of defects. 
The notation (m, n) represents the number of defects, m and different facets, n, in crystals.3  
 
As many different factors contribute to a reaction system’s product, it can be quite confusing 
which factor is responsible for each corresponding reaction behavior. Any change in reaction 
parameters will produce a change in the nanoparticle product. Due to this, it remains a challenge 
to predict the outcome of reaction schemes without physically executing the reaction. It goes 
without saying that the scientific method, i.e. changing one variable at a time, is critical to 
uncovering the underlying mechanisms by which different parameters will affect the outcome of 






1.3 HISTORY AND EVOLUTION OF RADAR ABSORBING MATERIALS 
The introduction of the microwave radar in World War II revolutionized the air defense 
situation around the world. Aircrafts could be detected at much further distances with the use of 
microwaves, independent of weather complications. The radar signal strength, or the signal 
reflected from a target, determines is detectability and is very closely related to the size and 
shape of the target.17 In military terms, this reflected signal is known as the Radar Cross Section, 
or RCS of the material. Hence, by reducing the RCS of a target, its detectability can be 
decreased. For the military, the RCS reduction of aircrafts, missiles, and submarines in enemy 
territory is of high importance when on reconnaissance missions. At the time of the Second 
World War, and continuing in an ever increasingly connected society in modern times, stealth 
technology has taken on great importance, which is the motivation behind the research of Radar 
Absorbing Materials (RAMs).   
 Research on RAMs has been actively pursued for almost a century, with several known 
techniques suggested for RCS reduction:  
(i) shaping,  
(ii) active loading 
(iii) passive loading 
(iv) distributed loading. 
Shaping is the process of modifying the external features of the object to reduce the reflections, 
usually by creating planes that are perpendicular to the incident wave and will reflect the wave in 
a direction that is away from the receiver.18,19 While shaping displays many benefits as a method 
of RCS reduction, it has some severe limitations. These include achieving reduction in limited 
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regions at the expense of increasing reduction in others, a limited effective frequency range, and 
a constrained implementation method as the shaping must be integrated into the system design 
stage and not applied later on. Both active and passive loading employ the use of active 
(materials that reduce the RCS) and passive (materials that do not reduce the RCS) materials at 
selected points on the target where reflections are a maximum in order to reduce the RCS by 
phase cancellation. While there is some promise in these methods, they are only effective on a 
narrow bandwidth and are not thought of as commercially viable techniques. The distributed 
loading technique is by far the most useful and universal technique for the reduction of RCS and 
is the loading technique implemented in future chapters of this dissertation. In general, the target 
is covered with RAMs, usually in the form of a paint-like coating. In this case the reduction is 
achieved from both adsorption from the RAM and misdirection of the electromagnetic energy 
and is considered the most effective method to date.20  
The earliest known research regarding RAMs was well underway by the late 1930s by 
Dutch scientists who developed a carbon black/titanium oxide absorber that was active in the 2 
GHz region.21 In the United States, the first absorbers, generally known as HARP (Halpern-anti-
radar-paint), were developed during the mid-1940s and consisted of paints mixed with artificial 
dielectric materials of high permittivity or iron particles with a neoprene binder.22 A few years 
later in 1952 and perhaps one of the more well-known absorbers, the Salisbury screen was 
developed which consisted of a resistive sheet placed at quarter wavelength from the target, 
spaced by a low dielectric material.23 Due to the λ/4 spacing from the target, the Salisbury screen 
is able to limit the reflection of an incoming radar wave by phase cancellations between the 





Figure 1.4. Layout of the Salisbury Screen, λ/4 effect, and cancellation of the electromagnetic 
wave phases.24  
 
Magnetic materials weren’t explored as RAMs until the 1960’s, with the use of ferrites with low 
reflection coefficients which could operate a lower resonant frequencies than had been feasible 
with the dielectric materials previously studied. 25 
 From this point, much of the research on RAMs came to a standstill until the 
development and popularization of the iron ball paint method as implemented on the Lockheed 
F-117 Nighthawk in 1983. This method was the first of its kind to synthesize an RAM in situ. By 
mixing the paint with iron pentacarbonyl, iron and/or iron oxide nanoparticles are generated 
upon application to the surface of the plane, thus coating the plane in a RAM. Incident radar 
waves induce molecular oscillations from the alternating magnetic field of the iron nanoparticles 
within the paint, leading to the conversion of the radar energy to thermal energy and dissipation 





Figure 1.5. Depiction of the iron ball paint method for radar absorption.26  
  
 The advent of the iron ball paint method was the first method of its kind to employ the 
use nanoparticles in a RAM, and to this day is regarded as a gold standard in amongst RAMs. 
Unfortunately, almost all literature on RAMs is indeed classified, which makes it difficult to 
analyze the state-of-the-art in the field as surely the United States military has moved on from 
the technology used in the nearly 40 years ago in the 1980s. Reiterating this point, in the late 
1980s a biotech product with ultra-wide band absorption characteristics was discovered, however 
the compound was immediately classified and there is little to none available information on it; it 
has been described as a powdery black substance with 1/10th the weight of ferrites.27 In more 
recent times, research has delved into the exploration of chiral materials as RAMs without a 
significant breakthrough yet apparent. While research in the area of RAMs persists nonetheless, 
the approach has become somewhat of a “guess and check” method in which scientists are 
reporting the radar absorption properties of new materials without fully understanding why the 
materials behave the way they do. As this type of research approach continues, it has become 
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increasingly necessary to reverse course and study the fundamentals of RAMs in order to gain a 
firm understanding of the underlying mechanisms of the science if we are to ever actually design 
the perfect absorber.  
 
1.4 THEORY AND DESIGN PRINCIPLES FOR ELECTROMAGNETIC WAVE 
ABSORBERS 
 RAMs are characterized by their electromagnetic properties, the relative permittivity and 
permeability as normalized by their free space counterparts, ɛ0 and μ0: 
      (8) 
      (9) 
where the relative permittivity (ɛr) and permeability (μr) are generally described as complex 
numbers as follows: 
      (10) 
      (11) 
with the real component of the complex number denoted as single prime (ʹ) and the imaginary 
component denoted as double prime (ʺ). In general, the real component of the permittivity is 
dependent on the conductivity of the material while the imaginary component accounts for the 
dielectric loss in the material as an electromagnetic wave passes through. Similarly, the real 
component of the permeability is dependent upon the magnetization of the material while the 
imaginary component accounts for the magnetic loss in the material. The terms dielectric and 
17 
 
magnetic loss refer to the ability of a material to absorb electromagnetic energy, i.e. the higher 
loss a material is the better it is at absorbing electromagnetic radiation.  
 For conceptual convenience when classifying RAMs, Equations (10) and (11) are usually 
written as:  
      (12) 
     (13) 
where: 
      (14) 
      (15) 
In equations (14) and (15), tanδe and tanδm are known as the electric and magnetic loss tangents, 
respectively, and are used to determine whether to classify a materials as dielectric material or 
magnetic material. Logically, materials with a large dielectric loss tangent are referred to as 
dielectric materials while materials with a large magnetic loss tangent are referred to as magnetic 
materials. In both cases, the materials will absorb electromagnetic energy and convert it to heat, 
thus can be used to create RAMs.  
 When an electromagnetic wave passes through the boundary of a RAM, the refractive 
index, n, and the characteristic impedance, Z, of the material play a critical role in dictating the 
propagation of the wave through the material: 
       (16) 
     (17) 
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where Z0 is a constant known as the intrinsic impedance of free space and equal to 377 Ω, 
independent of frequency. Both n and Z are complex quantities.17  
 Most commonly, RAMs can be considered as having a flat surface and their absorption 
and/or reflection properties are characterized using transmission line theory, which expresses the 
RAM as a lossy network between free space and the scatterer and represented in terms of 
complex impedance. For electromagnetic waves, as with any propagating wave, reflections only 
occur when the wave propagates from one medium to the next. In transmission line theory, this 
reflection is denoted as the reflection coefficient, r. In the case of a wave interacting with a flat 
RAM and entering from free space, the reflection coefficient is defined as: 
     (18) 
where Z1 is the input impedance at the boundary between free space and the RAM. Thus, the 
condition for an RAM to have zero reflection is: 
       (19) 
Equation (19) requires that the surface input impedance be independent of frequency, and real. 
Accounting for the complexity of practical input impedance, the input impedance for a wave 
entering an RAM at normal incidence at the interface with free space is given by: 
      (20) 
where Z is the characteristic wave impedance (previously defined in Equation (17)) and d is the 
thickness of the RAM. γ is the complex propagation constant of the medium and is defined as 
follows: 
     (21) 
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where σ is the electrical conductivity of the RAM and ω the angular frequency, defined as: 
       (22) 
 In summary, the reflection coefficient of a RAM is affected by the interference of the 
incoming electromagnetic waves at the surface of the RAM and at the metal-RAM interface. The 
phase of the radiation is dependent upon ɛr, μr, and the thickness of the RAM, while the 
amplitude of reflection depends on the loss ability in the material. For a flat RAM, as is the most 
common case, the reflection and absorption behavior is governed by the previously discussed 
transmission line theory in which a perfect absorber will attain the impedance matching 
condition described in Equation (20).17  
 In order to use transmission line theory to design an effective RAM it is necessary to 
identify suitable materials and specify their dimensions and compositions. A tradeoff exists 
between the size and thickness of the absorber and its efficiency of absorption. In general, the 
thicker a RAM is, the more effective it is as absorbing electromagnetic radiation. However, in all 
practical applications of RAMs, including stealth technologies and electromagnetic interference 
applications for modern technologies such as cell phones and laptops, an RAM must be designed 
as thin and light as possible. A thick coating of an RAM on a plane or submarine will lead to an 
increased base weight for the vessel, less ability to carry a payload, and will surely effect the 
aerodynamics of the system. Similarly, as portable technology trends towards smaller and 
smaller sizes, a RAM for inclusion in a cell phone or laptop would need to be as thin as possible 
so as not to increase bulkiness. The main challenge then becomes designing an absorber that is 
thin enough and light enough for a coating on a plane or inclusion in a cell phone without 
sacrificing the effectiveness of absorption.  
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There are two concepts used in the design of absorbers for RCS reduction: the matched 
characteristic impedance concept and the matched wave impedance concept.28 The difference 
between the two methods stems from their nomenclature. The matched characteristic impedance 
concept is when the impedance of the RAM is made to be nearly equal the intrinsic impedance of 
free space: 
      (23) 
This condition requires that the relative permittivity and relative permeability of the absorber be 
equal to ensure zero reflection at the front surface of the material: 
      (24) 
Lastly, a matched characteristic impedance concept RAM requires that the material be thick 
enough so the waves are attenuated as they propagate into the material, and internal reflections 
from the metal backing of the absorber are attenuated on the round-trip. Typically, the matched 
characteristic impedance concept is used for broadband absorption methods, but it not very 
practically applicable due to the large thicknesses of RAMs required.17,28  
Likewise, the matched wave impedance concept is when the wave impedance at the front 
surface of the absorber is made equal to the intrinsic impedance of free space. This method 
results in the complete absorption of the electromagnetic energy hitting the surface of the 
absorber. For an absorber of finite thickness backed by a conducting plate, the wave impedance 
is described by Equation (20). By combining Equation (19) and (20), the thickness required to 
create a matched wave impedance concept absorber can be determined as follows: 
     (25) 
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Typically, the matched wave impedance method is used for resonant absorption as the RAMs 
only absorb the electromagnetic energy at discrete frequencies dependent upon the thickness of 
the material. A benefit of these types of absorbers, they are usually much thinner than matched 
characteristic impedance concept absorbers, thus may be more applicable to modern 
technologies. However, since they are only effective at certain frequencies, they are actually less 
desirable in practical applications that are in need of broadband absorption.17,28 
  
1.5 VECTOR NETWORK ANALYZERS AND COMPUTATION OF 
ELECTROMAGNETIC PARAMETERS 
 Radio frequency network analyzers are vital instruments for the measurement of the 
dielectric and magnetic properties of various materials. In general, they are used to test network 
component specifications and verify design simulations across various types of networks. In 
modern society, network analyzers are commonly used as a tool to verify performance in a Wi-Fi 
network, map coverage zones across a 3G or 4G cellular network, or even diagnose problem 
areas in a “cloud” database such as Google Drive or DropBox. In the R&D fields, engineers 
commonly use network analyzers at various stages of product development to characterize, test, 
and verify product performance. More specifically, the measurement of complex electromagnetic 
materials at microwave frequencies has gained an increasing importance in the research fields of 
materials science, microwave circuit design, RAM development, and biological research. Due to 
this, network analyzers have proven extremely useful tools as technology advances.  
 Two types of network analyzers exist: scalar network analyzers (SNA) and vector 
network analyzers (VNA). The SNA is the more basic of the two and is only able to measure the 
amplitude properties, or scalar properties, of a signal. Because of this often times SNAs are only 
22 
 
used to measure the characteristics of an existing signal rather than the response of a device 
under test. An application of SNAs is for testing amplitude responses of filters or the gain of an 
amplifier over a certain bandwidth. VNAs are a much more useful form of radio frequency 
network analyzer as they are able to measure both the amplitude and phase response of a network 
and can provide much more insight into the behavior of the device under test as phase is critical 
in elemental network analysis. Rather than simply measuring the characteristics of an existing 
signal like the SNA, a VNA can output a signal to a device under test and measure the response 
of the system. VNAs are much more accurate than SNAs and are used for many of the previously 
mentioned R&D applications, including the electromagnetic measurements of materials.  
 VNAs are designed to operate with a rather simple systematic design of their 
components. In general, a VNA will generate a known signal, pass the signal through a device 
under test, and measure the change in the signal in a set of receivers. A reflected signal is 
measured as it bounces off of the surface of the device under test and a transmitted signal is 
measured that pass through the device. (Figure 1.6). 
 
Figure 1.6. Basic schematic of the components of a vector network analyzer (VNA).29  
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The VNA receivers will then measure the resulting reflected and transmitted signal and compare 
them to the known generated signal in order to measure changes in the response. The measured 
results will then be processed by a computer and sent to a display for the user to interpret. In this 
dissertation, a Keysight FieldFox N9918A Microwave Analyzer equipped with coaxial cables 
and a Keysight 85051B 7 mm airline were used for measurements. The instrumental setup is 
detailed in Figure 1.7. 
 
 
Figure 1.7. (a) Experimental setup of the Keysight FieldFox N9918A network analyzer equipped 
with a Keysight 85051B 7 mm airline. The purple cables are the coaxial cables. (b) Top view of 
the Keysight 85051B 7 mm airline. (c) Side view of the Keysight 85051B 7 mm airline. (d) A 
measurement ready nanoparticle/wax toroid fitted around the center conducting rod for the 
Keysight 85051B 7 mm airline. (e) A measurement ready nanoparticle/wax toroid. (f) The 
Keysight 85051B 7 mm airline equipped with a nanoparticle/wax toroid fitted around the center 




VNAs can be designed to have a varying number of ports from which signal can be generated 
and received. Most commonly, VNAs are designed with two ports; used in this research is a two 
port system. In a two port system, the VNA will measure a set of four S-parameters in order to 
determine the behavior of the device under test: S11, S12, S21, and S22. S11 is the response of 
the device under test from the signal that is generated in port 1, reflects off of the device under 
test, and received back in port 1. S12 is the response of the device under test from the signal that 
is generated in port 1, transmits through the device under test, and received in port 2. Likewise, 
S21 is the response of the transmission of the signal from port 2 to 1, and S22 is the reflected 
signal in port 2.30    
 There are four different methods that can be used for a VNA to convert S-parameters to 
the complex permittivity or permeability of a material: 
 Nicolson-Ross-Weir method 
 NIST iterative method 
 New non-iterative method 
 Short Circuit line method 
The details of which S-parameters are required for computation and the electromagnetic 







Table 1.2. Comparison of the Conversion Methods from S-Parameters to Electromagnetic 
Properties31 
Conversion Technique S-Parameters Electromagnetic Properties 
Nicolson-Ross-Weir S11, S21, S12, S22 or S11, S21 ɛr, μr 
NIST iterative method S11, S21, S12, S22 or S11, S21 ɛr 
New non-iterative method S11, S21, S12, S22 or S11, S21 ɛr 
Short Circuit line method S11 ɛr 
 
Each of the methods has its own advantages and limitations, however the most glaring difference 
between the four is in the electromagnetic properties that are able to be calculated. As shown, the 
Nicolson-Ross-Weir method is the only available method which can be used calculate the 
magnetic permeability of a device under test. As we are only interested in the effect of magnetics 
on the electromagnetic wave absorption of materials in this dissertation, the Nicolson-Ross-Weir 
method is the only method that will be discussed in depth. Table 1.3 briefly explains the 
differences between the four methods in more detail.  
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Table 1.3. Comparison of All Possible Measurement Techniques and Conversion Methods for 














































 The Nicolson-Ross-Weir method for conversion of S-parameters to the electromagnetic 
properties of a material is quite involved and is often built into a network analysis software. This 
method can be applied to both the transmission line and free-space measurement, however due to 
the nature of the materials measured in this dissertation, only the transmission line application is 
discussed. Using the Nicolson-Ross-Weir method, the required S-parameters are written as: 
    (26) 
in which P is the propagation factor given by: 
      (27) 
and where k2 is the z-component of the propagation vector defined through: 
      (28) 
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Here  is the wavenumber in the material, and  for transmission line systems. 
Additionally,  is the interfacial reflection coefficient given by: 
      (29) 
For transmission line systems,  and , where  and . In order 
to solve the Nicolson-Ross-Weir method as originally proposed by Nicolson, Ross, and Weir, 
begin by defining the following intermediate quantities: 
,              (30) 
The quantities  and  may be determined in terms of the measured quantities of S11 and S21 by 
rearranging the expressions. First,  is eliminated from the equations, resulting in a quadratic 
equation for : 
     (31) 
where: 
     (32) 
The solution is: 
     (33) 
where  . The sign ambiguity is usually resolved by assuming that the material is passive, 




     (34) 
where . Equating Equation (34) to (27) and defining the dimensionless 
quantity ,  is found by taking the natural logarithm: 
     (35) 
Here  is the free-space wavelength. At this point, with  known, ɛ and μ are 
determined as follows. First define : 
      (36) 
Then, for transmission line systems: 
,            (37) 
Finally, once the Nicolson-Ross-Weir method has been implemented to calculate the complex 
permittivity and complex permeability, the previously discussed transmission line theory can be 
utilized to calculate the absorption properties of the materials under study in terms of reflection 
loss using Equation (38) and (39): 
     (38) 
    (39) 




1.6 SUPERPARAMAGNETIC NANOMATERIALS AS ELECTROMAGNETIC WAVE 
ABSORBERS  
 Superparamagnetism is a form of magnetism which appears in sufficiently small 
ferromagnetic or ferrimagnetic nanoparticles.33,34 By mechanism, superparamagnetism is when 
the size of a ferromagnetic particle is reduced to the single-domain range (~2 – 80 nm, depending 
on the material) and its magnetic moment can flip along its easy axis under thermal activation. 
The typical time between two flips is referred to as the Néel relaxation. As an artifact of this 
random flipping, the average magnetization appears to be zero and is referred to as the 
superparamagnetic state. When in the superparamagnetic state, an external magnetic field is able 
to magnetize the nanoparticles, similarly to a paramagnetic material, but in a more efficient 
pathway, giving rise to a much larger magnetic susceptibility and permeability than a 
paramagnetic material displays. Figure 1.8 displays the difference in magnetic hysteresis 






Figure 1.8. Comparison of the characteristic magnetic hysteresis curves of ferromagnetic, 
paramagnetic, and superparamagnetic materials.   
 
 
 Under the superparamagnetic state, the static permeability in response to a static external 
magnetic field, caused by the Néel relaxation, is given by: 
     (40) 
where Vp is the volume of the nanoparticle, M0 is the saturation magnetization, kB is the 
Boltzmann constant, and T is the temperature.33 It can be deduced from this relationship that the 
static permeability of a superparamagnetic material is thus dependent on its particle size, or 
volume, and its saturation magnetization (M0). It is commonly accepted as reasonable to assume 
that M0 does not vary with particle size, and the permeability of superparamagnetic nanoparticles 
increases with increasing size. However, in practice this assumption is invalid. M0 does in fact 
vary with particle size, and the relationship between M0, μ, and particle size is somewhat unclear. 
For this reason, it becomes apparent the importance of utilizing organic solution synthesis to 
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make monodisperse nanoparticles for systematic studies of these relationships and their effect on 
electromagnetic wave absorption.  
 The dependence of the dynamic permeability, μ(ω), is complicated by the existence of 
resonance absorption due to the random flipping of the magnetic moment of such small 
materials. The blocking frequency, fb, of a superparamagnetic nanoparticle corresponds to the 
average rate of the random flipping over the nanoparticle’s magnetic moment as a result of 
thermal fluctuations and is defined by: 
     (41) 
where f0 is a constant, K is the nanoparticle’s magnetic anisotropy density, and KVp is the 
anisotropy energy. When the frequency of the incident electromagnetic wave approaches the 
blocking frequency, superparamagnetic nanoparticles can exhibit resonance absorption. From 
Equation (41) it can be predicted that the resonance frequency of superparamagnetic 
nanoparticles increases exponentially with the particle size (Vp ~ D
3). The shift of resonance 
frequency will also contribute to the change of complex permeability with particle size. While 
the investigation of resonance absorption due to relaxation magnetization has been extensively 
studied (see Section 1.7), the investigation of the blocking resonance of superparamagnetic 






1.7 FERROMAGNETIC NANOMATERIALS AS ELECTROMAGNETIC WAVE 
ABSORBERS 
 Ferromagnetism is the basic mechanism by which materials form permanent magnets, or 
in other words, materials that exhibit spontaneous magnetization and retain a net magnetic 
moment in the absence of an external magnetic field. It is the strongest type of magnetism and is 
responsible for the common phenomena of magnetism in magnets encountered in everyday life. 
Common ferromagnetic materials include iron, cobalt, nickel, and various bimetallic or 
trimetallic alloys of the three.  
 The interaction of ferromagnetic nanomaterials and electromagnetic waves in which there 
is a relaxation of a magnetic moment, M, with response to an external magnetic field, H, are 
governed by the Landau-Lifshitz equation: 
     (42) 
where γ is the gyromagnetic factor, α is the dimensionless Gilbert’s damping parameter, and M0 
is the saturation magnetization of the material.36 Considering the particular case of spherical 
particles assembled in random orientations, the permeability can be described as: 
     (43) 
with static permeability: 
      (44) 
natural resonance frequency: 
      (45) 
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and relaxation frequency: 
      (46) 
The damping parameter, α, is usually small, i.e. roughly 0.05 in Fe and Co films.37 From 
Equation (43) it can be deduced that μʺ approaches a maximum when ω → ωr and drops quickly 
when ω diverges from ωr. The appearance of strong absorption of a magnetic material at ωr is 
called resonance absorption. From Equation (45) it can be deduced that the resonance frequency 
is dependent on the magnetocrystalline anisotropy field, Hk, which is defined as the field needed 
to saturate the magnetization. Hk is usually correlated to the magnetic coercivity, Hc. In principle, 
this implies that a material with high coercivity is harder to saturate while a material with low 
coercivity is easier to saturate. It follows that the resonance absorption frequency of a magnetic 
absorber can be tuned by tailoring the coercivity of the material.  
 Very few reports exist in literature about tuning the relaxation magnetization resonance 
absorption by varying the coercivity of magnetic materials. Ohkoshi et al. studied gallium and 
aluminum substituted ɛ-Fe2O3 as absorbers for millimeter waves (Figure 1.9). They employed a 
sol-gel synthesis method followed by high-temperature calcination (1100°C – 1200°C) to 
synthesize the rare ɛ-phase iron oxide nanoparticles in a size range of 25 – 50 nm. By varying the 
composition of the substituted iron oxide they were able to achieve tuning in the coercivity of the 
material from 2.1 kOe to 15.9 kOe corresponding to resonance frequency from 35 GHz to 190 
GHz. While this study is ground breaking nonetheless, it may not have any practical application 
as the curie temperature in the 100°C – 200°C range for ferrite-based materials is rather low and 
may not be compatible with high speed aviation systems which typically have high surface 
temperatures.38 Thus, it is necessary to further explore the limits of ferromagnetic nanomaterials 
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for electromagnetic wave absorption in order to adequately develop an absorber with reasonable 
applicability to defense systems.  
 
Figure 1.9. (a) Millimeter-wave absorption properties of ε-GaxFe2-xO3 with various levels of 




 While Ohkoshi et al. have shown that it is possible to tune the resonance absorption 
frequency of ferromagnetic absorbers by varying the coercivity, it is quite common that 
ferromagnetic nanomaterials usually have low saturation magnetization (M0 < 100 emu/g), which 
could limit the effectiveness of these materials as electromagnetic wave absorbers. From 
Equations (44) and (45) we can derive Snoek’s law: 
     (47) 
which indicates that the magnitude of the magnetic permeability is limited by the saturation 
magnetization (M0), thus materials with a high M0 are needed to achieve high permeability in 
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thin absorbers.40 To achieve tunable resonance absorption with high permeability, it may be 
necessary to combine the advantages of superparamagnetic and ferromagnetic nanoparticles by 
exchange-coupling. Figure 1.10 demonstrates how the coupling between the soft 
(superparamagnetic) and hard (ferromagnetic) phases could produce magnetic materials with 
both high saturation magnetization and coercivity.  
 
 
Figure 1.10. (a) Illustration of the moments of exchanged-coupled hard (blue) and soft (red) 
magnetic phases. (b) Representative hysteresis curves of soft (red), hard (blue) and exchanged 
spring (dashed gray) magnets. In an exchange-coupled magnetic system, the large moment of the 
soft phase is pinned down by the hard phase due to the interactions (exchange coupling) at the 
interface, and thus the composite material possesses both the high saturation magnetization of the 







1.8 BROADER IMPACTS AND RELEVANCE TO THE INTEREST OF NATIONAL 
DEFENSE 
 Further investigating the fundamental interactions between electromagnetic waves and 
magnetic nanomaterials, in particular materials with features at the sub-wavelength scale, will 
substantially improve the understanding of design features of the ideal electromagnetic wave 
absorber. Through the use of organic synthesis and the established procedures to design and 
control nanoscale architectures, the understanding of electromagnetic exchange-coupling and 
bulk/nanoscale magnetic materials will be strengthened and the developed absorbers will be 
applicable to a broad range of materials and technologies such as hard magnets, heterogeneous 
catalysts, and communication devices. Of particular interest is the application of these absorbers 
to reduce the electromagnetic interference of radio waves and wireless signals with the cellular 
and neural activities inside human bodies, or to be applied in military systems to reduce the radar 
cross sections of submarines, ships, and aircrafts. These technologies will be critical to national 
defense as technology continues to advance and new methods of protection from radar and/or 
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Chapter 2.  Size-Dependent Electromagnetic Absorption Properties of Iron 
Oxide (Fe3O4) Nanomaterials 
 
2.1 INTRODUCTION 
Magnetic nanomaterials have been of high interest in modern industry due to their use in 
an extensive array of applications such as electronics1, optoelectronics2, magnetic storage3, and 
bio-sensing applications.4–6 In recent years, there has been a growing interest in magnetic 
nanomaterials used as microwave-absorbing materials due to military and civil applications such 
as stealth technology and electromagnetic interference.7 They are used in portable electronic 
devices such as smart phones and mobile PCs to protect humans from exposure to 
electromagnetic pollution, which could increase the risk of cancer or other neural illnesses.8–10 In 
defense applications, the surface of ships, submarines and aircrafts are coated with 
electromagnetic absorbing materials to reduce the radar cross section (RCS) and increase stealth 
capabilities.11–13 
 Magnetic materials have long been used as radar absorbers on aircrafts, e.g., in the form 
of iron ball paint.12–18 The absorber is usually applied by painting the metal surface with mixtures 
of carbonyl iron and polymer. This generates magnetic iron or ferrite particles in situ by 
decomposition and/or oxidation of iron carbonyl. While this approach has been demonstrated to 
be successful in reduction of the RCS, it can be expected that the poorly defined synthetic 
approach would produce inhomogeneous layers of magnetic materials with a wide distribution of 
particle sizes and may also generate magnetic particles containing impurities such as carbon, 
oxygen, and nitrogen.19 This lack of control over material structure makes it challenging to 
systematically study and improve magnetic materials for electromagnetic wave absorption.  
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 Ferrite materials have been well-explored as conventional magnetic fillers due to their 
high resistivity (108 – 1012 Ω cm), which makes them good candidates for the attenuation of 
electromagnetic waves. However, most efforts have been directed at researching the microwave 
absorption properties of new types of ferrites, rather than focusing on the microwave absorption 
properties of basic ferrite (magnetite, Fe3O4) and taking advantage of its extensive synthetic 
library to fine tune the particle size and morphology in order to develop a fundamental 
understanding of the mechanism behind the use of magnetic nanomaterials for electromagnetic 
wave absorption.  
 In Chapter 2, we report the organic solution synthesis of a series of various sized Fe3O4 
nanoparticles with precise control over nanoparticle size and shape with the objective of 
characterizing the well-dispersed nanoparticles and make an attempt at describing the underlying 
physics behind the mechanism of magnetic nanomaterials for microwave absorption. A previous 
study has reported an inverse relationship of particle size to matching frequency in the micron 
range (1 – 20 μm), however, an effort is needed to determine if the established trend holds in the 
nanoscale range.20 Through the use of organic solution synthesis techniques, we are able to target 
and obtain a specific size and morphology, which we have correlated to the magnetic loss and 
microwave absorption properties of our materials by measuring the complex permitt ivity and 
permeability of Fe3O4/paraffin wax composites.  
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2.2 EXPERIMENTAL METHODS 
 Chemicals. All materials (metal precursors, organic solvents, and ligands) were 
purchased from Sigma Aldrich. All chemicals were used as received.  
 Synthesis Design. All nanoparticles were synthesized under inert argon gas in a standard 
Schlenk line setup. All synthesis procedures were adapted and modified from previous reports. 
2.2.1 Synthesis 
Synthesis of 5 nm Fe3O4 Nanoparticles.
21 5 nm Fe3O4 nanoparticles were synthesized by 
the decomposition of iron (III) acetylacetonate (Fe(acac)3). In a typical synthesis, iron (III) 
acetylacetonate (0.706 g, 2.0 mmol) was dissolved in 20 mL diphenyl ether (DPE) containing 
oleic acid (1.91 mL, 6.0 mmol), oleylamine (1.97 mL, 6.0 mmol) and 1,2-hexadecanediol (2.58 
g, 10.0 mmol) and refluxed for 30 min at 260°C. The precipitate was collected by centrifugation 
at 6000 rpm for 10 min, re-dispersed in ethanol, and centrifuged once again at 6000 rpm for 10 
min. The final product was re-dispersed in hexanes and stabilized with 2-3 drops of oleylamine.  
Synthesis of 10 nm Fe3O4 Nanoparticles.
22 10 nm Fe3O4 nanoparticles were synthesized 
by the decomposition of iron (III) acetylacetonate (Fe(acac)3). In a typical synthesis, iron (III) 
acetylacetonate (0.706 g, 2.0 mmol) was dissolved in 10 mL benzyl ether (BE) and 10 mL 
oleylamine, heated for 60 min at 110°C to promote decomposition of the Fe, and then refluxed 
for 30 min at a higher temperature (300°C). The precipitate was collected by centrifugation at 
8000 rpm for 10 min, re-dispersed in ethanol, and centrifuged once again at 8000 rpm for 10 
min. The final product was re-dispersed in hexanes and stabilized with 2-3 drops of oleylamine.  
Synthesis of 20 nm Fe3O4 Nanoparticles.
21 20 nm Fe3O4 nanoparticles were synthesized 
by the decomposition of iron (III) acetylacetonate (Fe(acac)3) and seed-mediated growth on the 
previously synthesized 10 nm Fe3O4 nanoparticles. In a typical synthesis, iron (III) 
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acetylacetonate (0.706 g, 2.0 mmol) was dissolved in 20 mL diphenyl ether (DPE) containing 
oleic acid (0.64 mL, 2.0 mmol), oleylamine (0.66 mL, 2.0 mmol), 1-octadecanol (2.70 g, 10.0 
mmol) and 16 mg 10 nm Fe3O4 nanoparticle seeds, heated for 60 min at 110°C to promote 
decomposition of the Fe, and then refluxed for 30 min at a higher temperature (300°C). The 
precipitate was collected by centrifugation at 6000 rpm for 10 min, re-dispersed in ethanol, and 
centrifuged once again at 6000 rpm for 10 min. The final product was re-dispersed in hexanes 
and stabilized with 2-3 drops of oleylamine.  
Synthesis of 100 nm Fe3O4 Nanoparticles.
7 100 nm Fe3O4 nanoparticles were synthesized 
by the decomposition of iron (III) acetylacetonate (Fe(acac)3). In a typical synthesis, iron (III) 
acetylacetonate (0.353 g, 1.0 mmol) and decanoic acid (0.688 g, 4.0 mmol) were dissolved in 25 
mL benzyl ether (BE), degassed for 60 min at 60°C, heated at a heating rate of 2°C /min to 
200°C for 120 min to promote decomposition of the Fe, and then heated at a heating rate of 2°C 
/min to reflux for 60 min at a higher temperature (300°C). The precipitate was collected by 
centrifugation in a mixture of hexanes and toluene at 10,000 rpm for 10 min, re-dispersed in 
ethanol, and centrifuged in a mixture of hexanes and toluene once again at 10,000 rpm for 10 
min. The final product was re-dispersed in ethanol.  
Micron Fe3O4 Nanoparticles. Micron Fe3O4 nanoparticles (500 nm < d < 5 μm) were 
purchased through Sigma Aldrich.  
 
2.2.2 Materials Characterization 
Transmission electron microscopy (TEM) images were acquired on a 120 kV, FEI Tecnai 
12 TWIN microscope. X-ray diffraction (XRD) patterns were collected on a PANalytical X’Pert3 
Powder X-Ray Diffractometer equipped with a Cu Kα radiation source (λ=0.15406). Magnetic 
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hysteresis loops were acquired on a MicroMag 2900 Series AGM. Small angle X-ray scattering 
(SAXS) data was collected by a colleague of Dr. Robert Leheny, professor from the Johns 
Hopkins University Physics & Astronomy Department.  
2.2.3 Electromagnetic Absorption Studies 
5, 10 and 20 nm Fe3O4 composite wax/nanoparticle samples were prepared in 20 mL 
scintillation vials by dispersing the appropriate amounts of paraffin wax and Fe3O4 nanoparticles 
in toluene to achieve nanoparticle volume fractions ranging from 15% to 40% and slowly 
evaporating the solvent to create a uniformly dispersed composite matrix. 100 nm and micron 
Fe3O4 composites were prepared in a similar fashion, but with chloroform as the solvent. The 
resulting composites were then molded into a toroidal shape using a Teflon mold with an outer 
diameter of 6.98 mm, inner diameter of 3.03 mm and thickness of 1 mm and fitted to a Keysight 
85051B 7 mm airline for the microwave measurements. The complex permittivity and 
permeability of the composite samples were measured using a Keysight FieldFox N9918A 
Microwave Analyzer in the 2 – 18 GHz region and the reflection loss was calculated using the 
measured permittivity and permeability.  
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2.3 DISCUSSION AND RESULTS 
2.3.1 Materials Characterization 
 Iron oxide nanoparticles of all sizes ranging from 5 nm to micron Fe3O4 are shown in 
transmission electron microscopy (TEM) images in Figure 2.1(a). Aside from the micron-sized 
Fe3O4 particles (purchased from Sigma-Aldrich), which show no clear morphology and a wide 
size distribution, all synthesized nanoparticles show a sphere-like morphology. Through size 
distribution analysis, mean diameters have been determined to be 5.37 nm, 9.19 nm and 18.11 
nm for the 5 nm, 10 nm and 20 nm nanoparticle sizes, respectively. Size distribution profiles are 
shown in Figure 2.2. The mean diameter of the 100 nm nanoparticles was unable to be accurately 
determined from a size distribution analysis due to aggregation concerns, but was judged to be 
~100 nm via TEM imaging. The micron-sized particles were purchased with a size qualification 
of 500 nm < d < 5 μm. Figure 2.1(b) presents the typical x-ray diffraction (XRD) pattern for the 
various sized Fe3O4 products. All of the peaks align with the expected pattern for a cubic 
magnetite structure as confirmed by their perfect agreement with JCPDS No. 00-09-0629. No 
other diffraction peaks besides those corresponding to Fe3O4 were observed, which indicates 
high purity of our as-synthesized products. Figure 2.1(c) displays the magnetic hysteresis loops 
of all sizes of the as-synthesized and purchased Fe3O4 nanoparticles. The saturation 
magnetization values (Ms) vary from sample to sample and were determined by assuming M(H) 
= Ms + XdH (Xd being the high field susceptibility) at high field and extrapolating the M(H) curve 
to zero field (i.e. H = 0).23,24 Ms values were found to be 5.79, 33.57, 45.36, 41.33 and 49.50 emu 
g-1, listed in order of increasing nanoparticle size (i.e. 5, 10, 20, 100 nm, and micron, 
respectively). All of these values are much lower than that of bulk Fe3O4 (85 – 100 emu g
-1), 
which is expected according to established values for saturation magnetization from a previous 
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size determined saturation magnetization report.25 It is expected that there is no real trend 
correlating the size of the Fe3O4 nanoparticles to their saturation magnetization as this is a 
property dependent upon the crystallinity of the particles rather than their size.26–28 The 
hysteresis curves reveal coercivities of 14.9, 5.5, 4.2, 90.7, and 120.9 Oe, once again listed in 
order of increasing size. It is worthy to note that the smaller size nanoparticles (5, 10 and 20 nm) 
exhibit coercivities that are much lower than that of bulk Fe3O4 (115 – 150 Oe). This could be 
due to special morphology-related shape anisotropy when considering the sub-domain size of 
these nanoparticles.29 The larger sized particles (100 nm and micron sized) have coercivities 
comparable to that of bulk Fe3O4. Small angle X-ray scattering (SAXS) was conducted to gain a 
better understanding of the nanoscale features of, and to determine the degree of aggregation in 
the Fe3O4/wax composites used in the electromagnetic studies. Figure 2.3(a) displays the raw 
SAXS data of the toroidal shaped 10 nm Fe3O4/wax composites across all loadings. As 
evidenced by the local maximum around 0.08 nm-1, there is a distinct size feature present across 
all loadings, indicating that the degree of aggregation within the wax composites is relatively 
similar regardless of loading. Figure 2.3(b) displays the Guinier analysis of the SAXS data. From 
this, the radius of gyration (Rg) for the set of samples measured was determined to be 211.99 ± 
15.88 nm, indicating significant aggregation across all nanoparticle loadings. SAXS 
measurements were only conducted on the 10 nm Fe3O4/wax composites and it was assumed that 





Figure 2.1. (a) TEM images, (b) XRD patterns and (c) hysteresis loops of 5, 10, 20, 100 nm and 













Figure 2.3. (a) Raw SAXS data for a 10 nm Fe3O4 nanoparticle/wax toroid at loadings of 40 
vol%, 30 vol%, and 15 vol%. Two different toroids of the same composition at each loading 
were measured. (b) Guinier analysis of the 10 nm Fe3O4 nanoparticle/wax toroids at loadings of 
40 vol%, 30 vol%, and 15 vol%. The region highlighted in red was used to determine the radius 




2.3.2 Discussion of Electromagnetic Measurements 
Figure 2.4 shows the data output using 10 nm Fe3O4 nanoparticles at a 30 vol% loading 
as an example. Figure 2.4(a) shows the reflection loss (RL) data for varying thicknesses (1 mm – 
6 mm) of 10 nm Fe3O4/paraffin wax composites at a 30 vol% nanoparticle loading. The 
relationship between the reflection loss of the Fe3O4/paraffin wax composite and frequency is 
calculated as follows: 
    (1) 
           (2) 
where εr and μr are the relative complex permittivity and permeability of the wax composite, c is 
the speed of light, f is the frequency and d is the thickness of the absorbing material. As shown in 
Figure 2.4(a), RL absorption peaks for 10 nm Fe3O4 at a 30 vol% loading across all thickness on 
a 0.5 mm interval from 1 mm to 6 mm can be seen with a local maximum absorption of -7.01 dB 
at 5.11 GHz corresponding to a 6 mm thickness. It can be seen that more intense electromagnetic 
wave absorption occurs at frequencies higher than our measureable range as the absorption 
reaches an absolute maximum of -12.25 dB at 18 GHz, once again corresponding to a 6 mm 
thickness. It is common for samples of increased thickness to display high intensity RL behavior 
at higher frequencies, however these curves are unable to be seen in the measureable frequency 
range of our network analyzer. Given an instrument with a more capable frequency range, these 
curves would be seen at frequencies of greater than 18 GHz. Figure 2.4(b) shows the real and 
imaginary portions of the complex permittivity and permeability across the frequency range from 
2 GHz – 18 GHz for 10 nm Fe3O4 nanoparticles at a 30 vol% loading. In general, the values of 
both the real (εʹ, μʹ) and imaginary (εʺ, μʺ) portions of the complex permittivity and permeability 
gradually decrease with increasing frequency. For both imaginary portions, εʺ and μʺ, a much 
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sharper decrease can be seen early on in the frequency range, from 2 GHz < f < 4 GHz. Negative 




Figure 2.4. (a) Reflection loss for varying thicknesses (1 mm – 6 mm) of 10 nm Fe3O4/paraffin 
wax composites at 30 vol% nanoparticle loading. (b) Complex permittivity and permeability 
values for 10 nm Fe3O4/paraffin wax composites at a 1 mm thickness and 30 vol% loading. 
 
 
Figures 2.5, 2.6, and 2.7 show the raw reflection loss (RL) data for all sizes of Fe3O4 (5, 
10, 20, and 100 nm, and a micron size) across all nanoparticle loadings (15, 30, and 40 vol%).  
The previous discussion concerning Figure 2.4 can be applied to any specific size and loading in 



















Figure 2.7. Raw RL Data for Varying Size Fe3O4 Nanoparticles at 40 vol% Loading 
 
 In order to discern the primary mechanism (magnetic or dielectric) for electromagnetic 
wave absorption displayed by the Fe3O4 nanoparticles in this study, it is necessary to look at the 
magnetic and dielectric loss tangents, previously discussed in Section 1.4 of the Introduction of 
this dissertation. Figures 2.8 and 2.9 display the magnetic and dielectric loss tangents for each 




Figure 2.8. The magnetic loss tangent, tan(μʺ/μʹ), for 5, 10, 20, 100 nm and micron size Fe3O4. 
 
 




As demonstrated in the Figures 2.8 and 2.9, the values of the magnetic loss tangent are much 
larger than the dielectric loss tangent across the entire frequency range for all sizes, indicating 
that the absorption mechanism is predominantly controlled by the magnetic properties of Fe3O4, 
rather than the dielectric properties. Thus, the magnetics will be the primary focus of the rest of 
this discussion.  
 
2.3.3 Nanoparticle Loading Dependence Effects on Electromagnetic Wave Absorption 
In order to determine the effect of nanoparticle loading on the electromagnetic absorption 
behavior and the materials properties (ε and μ) of our absorbers, all sizes of Fe3O4 nanoparticles 
were measured at varying loadings of 15, 30 and 40 vol% and the data analyzed for trends. It is 
worthy to note that only 5 nm, 10 nm, and 20 nm Fe3O4 nanoparticles were studied at the highest 
(40 vol%) loading as the inability to suspend the two larger sizes (100 nm and micron) in 
solution at such high loadings made it impossible to create a toroidal mold with paraffin wax. 
This is due to the increased rate of sedimentation for such large particle sizes. Figure 2.10(a) 
shows the effect of nanoparticle loading on the intensity of electromagnetic wave absorption of 
10 nm Fe3O4 nanoparticles in a toroid of 3 mm thickness (the 3 mm data was chosen to use for 





Figure 2.10. (a) Reflection loss for varying nanoparticle loadings (15, 30, and 40 vol%) of 10 
nm Fe3O4/paraffin wax composites at a 3 mm thickness. (b) Visualization of the effect of loading 
on the real and imaginary portions of the permittivity and permeability of 10 nm Fe3O4 
nanoparticles.  
 
The results of the specific maximum absorption intensities for 3 mm thick 
wax/nanoparticle composite toroids across all loadings are summarized in Table 2.1 below: 
 





5 nm Fe3O4 10 nm Fe3O4 20 nm Fe3O4 100 nm Fe3O4 Micron Fe3O4 
15 vol% -4.43 dB -4.76 dB -2.88 dB -6.08 dB -9.28 dB 
30 vol% -3.18 dB -5.43 dB -8.26 dB -10.20 dB -19.97 dB 
40 vol% -1.67 dB -7.65 dB -8.73 dB X* X* 
*X denotes samples that were unable to be measured due to dispersion problems at large sizes and high loadings. 
Demonstrated in Figure 2.10(a) and summarized across all loadings in the table above, as the 
nanoparticle loading of the measured sample increases, the intensity of the electromagnetic wave 
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absorption increases as well. The reasoning behind this phenomena is relatively simple and 
explained by the fact that as the loading of the sample increases, the overall volume of 
nanoparticles increases as well, thus increasing the effective intensity of absorption. Simply put, 
more electromagnetic absorbing material results in greater electromagnetic absorption. It is 
worthy to note that the 5 nm Fe3O4 nanoparticles deviate from this trend and show a decrease in 
absorption intensity as the loading increases. It is thought that this is due to some interesting 
exchange coupling effects arising from the small size of the nanoparticles.  
Figure 2.10(a) also shows the effect of nanoparticle loading on the frequency of 
electromagnetic wave absorption of 10 nm Fe3O4 nanoparticles in a toroid of 3 mm thickness. 
The results of the maximum absorption frequencies for 3 mm thick wax/nanoparticle composite 
toroids across all loadings are summarized in Table 2.2 below: 
 





5 nm Fe3O4 10 nm Fe3O4 20 nm Fe3O4 100 nm Fe3O4 Micron Fe3O4 
15 vol% 13.50 GHz 13.14 GHz 13.03 GHz 11.65 GHz 10.88 GHz 
30 vol%  13.41 GHz 12.12 GHz 11.06 GHz 10.08 GHz 6.01 GHz 
40 vol% 12.41 GHz 11.65 GHz 10.46 GHz X* X* 
*X denotes samples that were unable to be measured due to dispersion problems at large sizes and high loadings. 
 
Demonstrated in Figure 2.10(a) and detailed in the table above, the frequency of absorption 
varies inversely with the nanoparticle loading, i.e. the frequency of absorption decreases as the 
nanoparticle loading increases. This phenomenon can be explained using logic and the 
impedance matching condition for ideal electromagnetic wave absorbers: 
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                                                        (3) 
As we increase the nanoparticle loading in our absorbing material, we are increasing the 
effective permittivity and permeability of the sample. It follows that based on the impedance 
matching condition, while holding thickness constant and increasing the permeability of our 
sample, the frequency of absorption will decrease.  
Similar to the previous discussion, in order to determine the effect of nanoparticle loading 
and size on the materials properties (ε and μ), all sizes of Fe3O4 nanoparticles were measured at 
varying loadings of 15, 30 and 40 vol% and the data analyzed for trends. Figure 2.10(b) shows 
the effects of nanoparticle loading on the permittivity and permeability of 10 nm Fe3O4 
nanoparticles in a toroid of 1 mm thickness. In agreement with previous studies, it is shown that 
as nanoparticle loading increases, εʹ, εʺ, μʹ and μʺ all increase as well7. The reasoning behind this 
phenomenon is relatively simple and once again explained by the fact that as the loading of the 
sample increases, the overall volume of nanoparticles increases as well, thus increasing the 
effective permittivity and permeability of the material. It is observed that as the nanoparticle 
loading is increased, both the real and imaginary portions of the permittivity and permeability 
increase as well.  
Figures 2.11 – 2.14 show the effect of loading on the reflection loss (RL) data for 5 nm, 
20 nm, 100 nm, and micron sized Fe3O4 across all nanoparticle loadings (15, 30, and 40 vol%), 
respectively.  The previous discussion concerning the 10 nm Fe3O4 can be applied to any specific 





Figure 2.11. (a) Visualization of the effect of loading on the reflection loss resonant frequency 
for 5 nm Fe3O4 samples of 3 mm thickness. (b) Visualization of the effect of loading on the real 





Figure 2.12. (a) Visualization of the effect of loading on the reflection loss resonant frequency 
for 20 nm Fe3O4 samples of 3 mm thickness. (b) Visualization of the effect of loading on the real 








Figure 2.13. (a) Visualization of the effect of loading on the reflection loss resonant frequency 
for 100 nm Fe3O4 samples of 3 mm thickness. (b) Visualization of the effect of loading on the 





Figure 2.14. (a) Visualization of the effect of loading on the reflection loss resonant frequency 
for micron Fe3O4 samples of 3 mm thickness. (b) Visualization of the effect of loading on the 





2.3.4 Size Dependence Effects on Electromagnetic Wave Absorption 
In order to determine the effect of nanoparticle size on the materials properties of the 
system, all desired sizes of Fe3O4 nanoparticles were measured at varying loadings of 15, 30 and 
40 vol% and the data compared, holding the loading percentage constant. As stated before, only 
the 5, 10 and 20 nm Fe3O4 nanoparticles were measured at the highest, 40 vol% loading due to 
sedimentation constraints with the larger sized particles. Figure 2.15(a) and (c) display the effect 
of nanoparticle size on the RL peak intensity and resonant frequency for all sizes of Fe3O4 








Figure 2.15. (a) Illustration of the effect of nanoparticle size on the reflection loss resonant 
frequency for Fe3O4 samples of 3 mm thickness and 15 vol% loading. (b) Illustration of the 
effect of nanoparticle size on the real and imaginary portions of the permittivity and permeability 
of Fe3O4 nanoparticles at 15 vol% loading. (c) Illustration of the effect of nanoparticle size on 
the reflection loss resonant frequency for Fe3O4 samples of 3 mm thickness and 30 vol% loading. 
(d) Illustration of the effect of nanoparticle size on the real and imaginary portions of the 
permittivity and permeability of Fe3O4 nanoparticles at 30 vol% loading. 
 
 
As shown, the position of the RL peak shifts to lower frequencies as the size of the 
nanoparticle is increased. The results for the maximum absorption frequencies for 3 mm thick 
wax/nanoparticle composite toroids across all loadings were previously summarized in Table 
2.2. As shown in the Table 2.2, we see that the mechanism of increasing the particle size 
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promotes a shift towards lower frequencies holds true across all sizes and loadings measured. 
Specifically, taking the 30 vol% loading into consideration, we see the resonance peaks at 13.41 
GHz for 5 nm Fe3O4, 12.12 GHz for 10 nm Fe3O4, 11.06 GHz for 20 nm Fe3O4, 10.08 GHz for 
100 nm Fe3O4 and 6.01 GHz for the micron Fe3O4. It is promising that between the 5 nm, 10 nm 
and 20 nm Fe3O4 nanoparticles we see the exact same shift of ~1 GHz as we double the size of 
the nanoparticle, giving indication that the mechanism behind nanoparticle electromagnetic wave 
absorption may be directly related to the size of the nanoparticle. The shift from 100 nm to the 
micron Fe3O4 size strays from the trend in the first three sizes, but this is obviously due to the 
expansive size qualification range; the micron particles are in quite a broad size range of 
anywhere from 500 nm to 5 μm, making it nearly impossible to draw a concrete conclusion from 
the corresponding data. Nevertheless, this data shows that a size increase will shift the resonance 
peak to a lower frequency.  
When discerning the effect of nanoparticle size on the intensity of the electromagnetic 
wave absorption, Table 1, and Figure 2.15(a) and (c) clearly show that as the size of the 
nanoparticle is increased, so is the intensity of absorption. Specifically, taking the 30 vol% 
loading into consideration, we see the maximum absorption intensities occur at -3.18 dB for 5 
nm Fe3O4, -5.43 dB for 10 nm Fe3O4, -8.26 dB for 20 nm Fe3O4, -10.20 dB for 100 nm Fe3O4 
and -19.97 dB for the micron Fe3O4. The mechanism behind this process is difficult to 
understand and has yet to be explored in depth. Of particular interest is the extremely low 
intensity of the 15 vol% 20 nm Fe3O4, which deviates from the observed trend. This deviation is 
thought to be an anomaly due to the unique seeded-growth synthetic process by which the 20 nm 
Fe3O4 nanoparticles are made.  
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 Figures 2.15(b) and (d) display the effect of nanoparticle size on the real and imaginary 
portions of the permittivity and permeability for all sizes of Fe3O4 nanoparticles at a 6 mm toroid 
thickness, with a 15 vol% loading and 30 vol% loading, respectively. The trends can be seen in 
each plot in Figures 2.15(b) and (d), but the generalized trends are summarized in Table 2.3 
below: 
 
Table 2.3. Nanoparticle Size Effects On Complex Permittivity and Permeability.  
Material Property Trend 
Real Permittivity 
(ε΄) 
Micron > 100 nm > 20 nm > 10 nm > 5 nm 
Imaginary 
Permittivity (ε΄΄) 






Micron > 100 nm > 20 nm > 10 nm > 5 nm 
Reflection Loss 
Peak (RL) 
↑ Size = Shift of RL peak to lower frequencies 
 
 
Figure 2.16(a) displays the effect of nanoparticle size on the RL peak intensity and resonant 
frequency and Figure 2.16(b) displays the effect of nanoparticle size on the real and imaginary 
portions of the permittivity and permeability for 5, 10 and 20 nm Fe3O4 nanoparticles at a 3 mm 
toroid thickness, with a 40 vol% loading. The previous discussion on size effects can be applied 





Figure 2.16. (a) Illustration of the effect of nanoparticle size on the reflection loss resonant 
frequency for Fe3O4 samples of 3 mm thickness and 40 vol% loading. (b) Illustration of the 
effect of nanoparticle size on the real and imaginary portions of the permittivity and permeability 
of Fe3O4 nanoparticles at 40 vol% loading. 
 
As previously stated, the dielectric side (real and imaginary permittivity) of 
electromagnetic wave absorption has been well explored and is not the focus of our efforts. The 
real permittivity is thought of as the ability of a material to store electrical energy in an electric 
field and the imaginary permittivity is the dielectric loss dependent on conductivity.  
The real permeability is thought of as the materials magnetic moment alignment to the 
field. The real permeability is very weakly size dependent when dealing with nanoparticles that 
are not perfect crystals as the alignment will be non-perfect and rather random depending on the 
crystallinity of each specific nanoparticle size, thus explaining a lack of an apparent trend 
amongst the varying sizes of the Fe3O4 nanoparticles. Mathematically, the explanation for this 
lack of trend can be seen by looking at the real permeability caused by the Néel relaxation of a 
material in the superparamagnetic state30: 
     (4) 
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where Vp is the volume of the nanoparticle, M0 is the saturation magnetization, kB is the 
Boltzmann constant and T is the temperature. Since  will be an extremely small number 
(VpM0
2 << 3KBT and  << 1), any change in volume will have a negligent effect on μ’. 
Explaining the trends for the imaginary permeability and the RL absorption frequency are 
rather difficult to do. Qualitatively, the imaginary permeability is a measure of the rotation of the 
magnetic moment of a material around its easy axis. As the size of a material increases, rotation 
of the material around an axis becomes a more energy intensive process, thus explaining the 
increase in μʺ as the size of our Fe3O4 nanoparticles increase. This problem could be 
quantitatively solved by using the Landau-Lifshitz-Gilbert (LLG) equation31,32:  
     (5) 
which describes the change of magnetization M under a magnetic field H where γ is the 
gyromagnetic ratio and α is the damping frequency. Using a free software such as Object 
Oriented Micromagnetic Framework (OOMMF) or the commercially available software, LLG 
Micromagnetics Simulator, an expression for the complex permeability size dependence could be 
derived.  
The solution to the observed trend in the RL absorption peak frequencies can be solved 
using transmission line theory. According to transmission line theory, the reflection coefficient 
of an electromagnetic wave entering from free space into a material with a flat surface can be 
written as33: 
      (6) 
Here Z0 and Z are the impedances of the free space and the material, and γ is the complex 
propagation constant. To maximize the electromagnetic wave absorption, the ideal case is to 
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have r in eq. (3) equal to zero, namely zero reflection, which requires the so-called impedance 
matching condition: 
                                 (7) 
For typical magnetic absorbers, with small conductivity, it is also accepted to assume the 
dielectric loss of the magnetic absorber is small (ε’’<< ε’) and the magnetic loss is large (μ’’>> 
μ’), which further simplifies eq. (7):  
      (8) 
In this case, the thickness, d, corresponds to the thickness of the wax/nanoparticle composite 
toroid. Based on our findings from above, holding d constant and varying the size of our 
nanoparticles, thus increasing μʺ, it is clear to see that an increase in nanoparticle size (volume) 
will promote a downward (or leftward) shift in frequency corresponding to the RL peak.  
 
2.3.5 Theoretical Model for the Calculation of the Effective Permeability 
The effective permeability has been modeled following procedures established by R.F. 
Soohoo and described by Wu et al. in a previous report.31,34 The steps to model the effective 
complex permeability are as follows:  
 (1) Derivation of an expression for the frequency dependent intrinsic permeability, μi, and wave 
vector, k, from the LLG equation (eq. (5) from the previous section) substituted with the 
standard equations for the field and magnetization expansions and combined with Maxwell’s 
equations: 
            (9) 
          (10) 
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where Hz is the total static magnetic anisotropy field, M0 is the saturation magnetization, and m 
and h are the small wave disturbances. The permeability tensor resulting from this derivation is 
shown below: 
                                           (11) 
δ, μ, and ĸ, are complex numbers as follows: 
                            (12) 
                           (13) 
                               (14) 
where: 
      (15) 
      (16) 
and: 
      (17) 
Α in Eq. 17 is the damping coefficient. This is experimentally determined by evaluating for the 
best fit. The permeability tensor in Eq. 11 can be simplified in the case when k is along the Z 
axis. The equivalent simplified tensor is the same as the Polder tensor35,36: 




(2) Calculation of the scalar intrinsic permeability using the saturation magnetization, and the 
anisotropy field, Ha:  
      (19) 
where K1 is the crystalline anisotropy constant, Ha in units of Oe, and Ms in units of G. As an 
example, the calculated intrinsic permeability of a single domain particle with 4πMs of 20,000 G 
and Ha of 600 Oe is shown in Figure 2.17 below. 
        
Figure 2.17. Calculated real part, μʹ, and imaginary part, μʺ, of complex intrinsic permeability 







(3) Calculation of the effective permeability via Bruggeman’s effective medium theory: 
        (20) 
where p is the volume fraction of the magnetic particles, μi is the intrinsic permeability of the 
magnetic particles as calculated in step (2), μm is the permeability of the paraffin wax medium, 
and μeff is the effective permeability of the composite37,38. Steps (1), (2), and (3) were coded into 















    wm=r*Ms; 
    w0=r*Ha; 
    w1=w0+1i*w*a; 
    u=1+((w1*wm)/((w1)^2-w^2)); 
    k=(-1)*w*wm/((w1)^2-w^2); 
    miu_tensor=[u, -1i*k, 0; 
        1i*k, u, 0; 
        0, 0, 1;]; 
    miu_i(:,c)=eig(miu_tensor);%Finding eigenvalues 




miu_i_eigenvalue_real(1:147)=max(miu_i_real(1:2,1:147));   
miu_i_eigenvalue_real(148:end)=min(miu_i_real(1:2,148:end));   
miu_i_imag=-1*imag(miu_i);              
miu_i_eigenvalue_imag(1:end)=max(miu_i_imag(1:2,1:end));  
miu_i_eigenvalue=miu_i_eigenvalue_real+1i*miu_i_eigenvalue_imag;    
miu_eff=((3*p*miu_i_eigenvalue)/4 - miu_i_eigenvalue/4 + (3*p)/4 +(9*p^2*miu_i_eigenvalue.^2 - 18*p^2*miu_i_eigenvalue + 9*p^2 - 




miu_i_eigenvalue_realmax=max(miu_i_real(1:2,1:end));   
miu_i_eigenvalue_realmin=min(miu_i_real(1:2,1:end));    
 
 













legend('\mu eff'' ', '\mu eff''''','Location','NorthEast') 






legend('Real max eigenvalue', ' Real min eigenvalue','Location','NorthEast') 
 




The resulting calculated μeff from this procedure is valid for single domain particles. The 
critical size for Fe3O4 has been reported to be 76 nm, indicating that all particles in this study 
besides the micron-sized particles can be modeled using this approach.39 For the micron-sized 
particles, an extra multi-domain step is required and the skin effect needs to be considered, as 
detailed in previous reports.34 The intrinsic permeability of a multi-domain nanoparticle can be 
calculated as a simple average of the intrinsic permeability of each individual domain within the 
particle as follows: 
      (21) 
Once the intrinsic permeability of the multi-domain particle has been calculated, the effective 
permeability is calculated using a modified, extended Bruggeman’s effective medium theory 
which accounts for the skin effect: 
   (22) 
The parameter A is given by: 
   (23) 
with the wave number: 
     (24) 
where d is the particle diameter, ρ is the electric resistivity, and f is the microwave frequency.40 
The steps to calculate the effective permeability of a multi-domain particle were coded into 

















num_domains = 10000; 
for d = 1:num_domains 
    %generate random angle between 0 and pi/2 
    b = rand()*pi/2;     
    %Iterate through the range of frequencies and obtain mu's 
    c=1; 
    for f=logspace(-1, 2, 2000) 
        w=f; 
        wm=r*Ms; 
        w0=r*Ha; 
        x=1+(w0*wm*(w0^2-w^2*(1-alpha^2)))/((w0^2-w^2*(1+alpha^2))^2+4*w^2*w0^2*alpha^2)-1i*((w*alpha*wm*(w0^2+w^2*(1+alpha^2)))/((w0^2-
w^2*(1+alpha^2))^2+4*w^2*w0^2*alpha^2)); 
        k=-1*w*wm*(w0^2-w^2*(1+alpha^2))/((w0^2-w^2*(1+alpha^2))^2+4*w^2*w0^2*alpha^2)+1i*2*wm*w^2*w0*alpha/((w0^2-
w^2*(1+alpha^2))^2+4*w^2*w0^2*alpha^2); 
        u_left=((x^2-x-k^2)*(sin(b)).^2+2*x+sqrt((x^2-x-k^2)^2*(sin(b)).^4+4*k^2*(cos(b)).^2))/(2*((x-1)*(sin(b)).^2+1)); 
        u_right=((x^2-x-k^2)*(sin(b)).^2+2*x-sqrt((x^2-x-k^2)^2*(sin(b)).^4+4*k^2*(cos(b)).^2))/(2*((x-1)*(sin(b)).^2+1)); 
         
        real_left = real(u_left); 
        real_right = real(u_right); 
        imag_left = imag(u_left); 
        imag_right = imag(u_right); 
         
        D=[f; real_left; real_right; imag_left; imag_right]; 
        U_data(:,c)=D; 
        u_data=U_data'; 
        c=c+1; 
    end 
    data_raw = U_data';% columns: freq, real left, real right, imag left, imag right 
    frequencies = data_raw(:,1); 
    real_left = data_raw(:, 2); real_right = data_raw(:, 3); 
    imag_left = -data_raw(:, 4); imag_right = -data_raw(:, 5); 
     
    if d == 1 
       u_real = ones(length(imag_right), num_domains);  
       u_imag = ones(length(imag_right), num_domains); 
    end 
    %Combine left and right side of the plot (separated at max of real part)  
    max_index = find(imag_left == max(imag_left)); 
    u_real(:,d) = real_left; 
    u_imag(:,d) = imag_left; 
    for i = (max_index+1):length(real_left) 
        u_real(i,d) = real_right(i); 
        u_imag(i,d) = imag_right(i); 
    end 
end 
 
%average over the domains 
u_real = mean(u_real, 2); 




semilogx(frequencies, u_real); hold on; 
semilogx(frequencies, u_imag) 
grid on; 
title('Intrinsic Permeability vs. Frequency of bcc Fe'); 
xlabel('Frequency (GHz)'); ylabel('Permeability'); 
legend('\mu'' (Real Part)', '\mu'''' (Imaginary Part)','Location','NorthEast') 
save data.mat u_real u_imag frequencies 
 
 













ui_eff=((9*(A.*ui*v).^2) - 6*(A.*ui).^2*v + (A.*ui).^2 - 18*A.*ui*v^2 + 18*A.*ui*v+4*A.*ui + 9*v.^2 - 12*v+4).^(1/2)/4 - (A.*ui)/4 - (3*v)/4 




semilogx(frequencies, ui_eff_real,'r'); hold on; 
semilogx(frequencies, ui_eff_imag,'k'); hold off; 
grid on; 
title('Effective Permeability with skin effect vs. Frequency '); 
xlabel('Frequency (GHz)'); ylabel('Permeability'); 
legend('\mu'' (Real Part)', '\mu'''' (Imaginary Part)','Location','NorthEast') 
 
Figure 2.20. MATLAB Code for the Theoretical Model of the Multi-Domain Effective 
Permeability Accounting for Skin Effect 
 
 
Figure 2.21 shows the agreement between the measured and simulated effective complex 
permeability for 10 nm Fe3O4 nanoparticles at a (a) 15 vol%, (b) 30 vol%, and (c) 40 vol% 
loading. The agreement between the experimental and simulated values is acceptable, indicating 
that the magnetic nanoparticle/wax composites behave according to standard mixing theories. 
The experimental and simulated curves have roughly the same curve shape, however are slightly 






Figure 2.21. Calculated real part, μʹ, and imaginary part, μʺ, of the complex effective 
permeability for 10 nm Fe3O4 nanoparticles at volume fractions of (a) 15 vol%, (b) 30 vol%, and 
(c) 40 vol%.  
 
 
Simulation results for all other sizes and loadings of Fe3O4 nanoparticles are shown in 





Figure 2.22. Calculated real part, μʹ, and imaginary part, μʺ, of the complex effective 
permeability for 5 nm Fe3O4 nanoparticles at volume fractions of (a) 15 vol%, (b) 30 vol%, and 




Figure 2.23. Calculated real part, μʹ, and imaginary part, μʺ, of the complex effective 
permeability for 20 nm Fe3O4 nanoparticles at volume fractions of (a) 15 vol%, (b) 30 vol%, and 




Figure 2.24. Calculated real part, μʹ, and imaginary part, μʺ, of the complex effective 
permeability for 100 nm Fe3O4 nanoparticles at volume fractions of (a) 15 vol% and (b) 30 vol%. 
 
 
Figure 2.25. Calculated real part, μʹ, and imaginary part, μʺ, of the complex effective 




2.3.6 Effect of Ms and Ha on the Effective Permeability 
 
 
 From Eq. 13, 15, and 16 it can be determined the effect of Ms and Ha on the complex 
permeability of a particle. Values for Ms and Ha are discussed in section 2.3.1. For the real 
portion of the permeability, there is no real influence of Ms or Ha to be observed, as the “1 +” 
term in the real portion of Eq. 13 will dominate the result. For the imaginary portion of the 
permeability, as the Ms and/or Ha of a particle increase, so too should the imaginary portion of 
the permeability, with Ms will having a more dominant effect than Ha due to the underlying 
mathematics behind this phenomenon. To illustrate this effect, a simulation has been conducted 
holding one of Ms or Ha constant and varying the other to determine the effects. A 15 vol% 




Figure 2.26. The effect of Ms on the effective complex permeability, assuming a volume fraction 
of 15 vol%. 
 
 
As shown in Figure 2.26, Ms has a unique effect on both the real and imaginary portion of the 
complex permeability. For the real portion, increasing the Ms will result in an increased 
amplitude for the curve shape of the real permeability, however no real trend can be determined 
over the 2 – 18 GHz frequency range. For the imaginary permeability, it is straight forward. As 





Figure 2.27. The effect of Ha on the effective complex permeability, assuming a volume fraction 
of 15 vol%. 
 
As shown in Figure 2.27, the same observations for the effect of Ms hold for the effect of Ha, i.e. 
increasing the Ha will result in an increased amplitude for the curve shape of the real 
permeability and an increased imaginary permeability. It is easily noticeable that the effect of Ha 
is weaker than the effect of Ms, as the magnitude of increase in the imaginary permeability and 
amplitude increase in the real permeability is much smaller.  
These simulated results are reflected in the experimental data shown in previous figures 
2.15 and 2.16. The observed trends for complex permeability as well as Ms and Ha are 




Table 2.4 Ms and Ha Effects On Complex Permeability.  






Micron > 100 nm > 20 nm > 10 nm > 5 nm 
Ms Micron > 20 nm > 100 nm > 10 nm > 5 nm 
Ha Micron > 100 nm > 5 nm > 10 nm > 20 nm  
 
 
As demonstrated in the observed trends, our experimental data agrees with the mathematical and 
simulated trends previously discussed, i.e. there is no observed influence of Ms or Ha on the real 
portion of the permeability, while there is a direct relationship between the Ms and Ha and the 
imaginary portion of the permeability, with the Ms having a more dominant effect.  
When comparing the imaginary permeability with the Ms data, the only size of particle 
that deviates from the observed trend in Ms is the 20 nm Fe3O4 nanoparticles, which actually 
have a larger Ms than the 100 nm Fe3O4 nanoparticles. Based on this observation and the 
mathematics alone, it would be expected that the 20 nm Fe3O4 nanoparticles would have a larger 
imaginary permeability than the 100 nm Fe3O4 nanoparticles, however, this is not the case. This 
discrepancy is resolved when taking into account the lesser effect of the Ha on the imaginary 
permeability of the nanoparticles. The 20 nm Fe3O4 nanoparticles actually have the lowest Ha of 
all of the particles under study, which will slightly counteract the effect of Ms on the imaginary 






2.3.7 Effect of the Complex Permeability on the Electromagnetic Wave Absorption 
Behavior 
Extending the conversation in Section 2.3.6 regarding the effect of Ms and Hc on the 
complex permeability, it can also be simulated the effect of the complex permeability of the 
electromagnetic wave absorption behavior of a material. Equations (1) and (2) govern the 
mathematics behind this process. However, due to the complex nature of the permeability, it can 
be difficult to mathematically determine the effect of its individual components, μʹ and μʺ. To 
graphically visualize this effect, a simulation has been conducted first by manipulating the value 
of μʹ while holding μʺ, ɛʹ, and ɛʺ constant, and second by manipulating the value of μʺ while 
holding μʹ, ɛʹ, and ɛʺ constant and plotting the resulting reflection loss behavior. The 
experimentally measured data for the 15 vol% 10 nm Fe3O4 wax toroid was used as a basis for 





Figure 2.28. The effect of μʹ on the reflection loss, plotted by manipulating the experimentally 




As shown in Figure 2.28, μʹ has an inverse effect on the electromagnetic wave absorption 
behavior, i.e. as the real portion of the permeability is increased, the intensity of electromagnetic 





Figure 2.29. The effect of μʺ on the reflection loss, plotted by manipulating the experimentally 




As shown in Figure 2.29, μʺ has a direct effect on the electromagnetic wave absorption behavior, 
i.e. as the imaginary portion of the permeability is increased, the intensity of electromagnetic 
wave absorption is increased as well.  
 These simulated results may seem straight forward at first, however the real mechanism 
is a bit more complex. The electromagnetic wave absorption behavior is not simply governed by 
the real or imaginary portion of the permeability independently and in fact depends on the 
magnetic loss tangent of the material as discussed in Section 1.4 of the Introduction of this 
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dissertation. As a reminder, materials with a large dielectric loss tangent are referred to as 
dielectric materials while materials with a large magnetic loss tangent are referred to as magnetic 
materials. The higher the magnetic or dielectric loss of a material, the more effective that 
material is at absorbing electromagnetic waves and converting electromagnetic energy into 
thermal energy. In the simulations in this section, we are simply adjusting the ratio of the 
imaginary portion of the permeability to the real portion, thus affecting the magnetic loss tangent 
and the electromagnetic wave absorption properties; as we increase the magnetic loss tangent, 
the more effective at absorbing electromagnetic energy the material becomes.  
 
 
2.3.8 Mixing Rules for Electromagnetic Wave Absorption 
 
The last phenomenon we have analyzed is the mixing of two sizes of Fe3O4 nanoparticles 
and the effect it has on the intensity and position of the reflection loss peaks. In order to create 
these mixed composites we have combined two different nanoparticle sizes at concentrations of 
7.5 vol%, maintaining a total nanoparticle concentration of 15 vol%, and measured their 
resulting electromagnetic properties. In an effort to be able to establish a trend, we mixed sizes of 
5 nm and 20 nm Fe3O4, 5 nm and 100 nm Fe3O4, and 5 nm and micron Fe3O4 and plotted their 
corresponding reflection loss data. Using the 5 nm/micron Fe3O4 mixture as an example, shown 
in Figure 2.30, we are able to see that the resultant mixed nanoparticle reflection loss peaks 
mirror the position of the larger size and the intensity of the smaller size, i.e. the 15 vol% 5 
nm/micron Fe3O4 mixed data mirrors the position of the 15 vol% micron Fe3O4 composite, yet 





Figure 2.30. (a) Reflection loss data for a 15 vol% loading 5 nm (7.5 vol%)/micron(7.5 vol%) 
Fe3O4 composite of thicknesses 1 to 6 mm. (b) Complex permittivity and permeability values for 
a 15 vol% loading 5 nm (7.5 vol%)/micron(7.5 vol%) Fe3O4 composite of thicknesses at a 1 mm 
thickness. (c) Hysteresis loops of 5 nm and micron Fe3O4 nanoparticles and their mixed 15 vol% 
composite. (d) Overlay of the reflection loss data for a 3 mm thick 15 vol% 5 nm/micron Fe3O4 
composite with the corresponding 6 mm thick 15 vol% 5 nm Fe3O4 composite and 15 vol% 
micron Fe3O4 composite. (e) Overlay of the real and imaginary permittivity and permeability 
data for a 1 mm thick 15 vol% 5 nm/micron Fe3O4 composite with the corresponding 1 mm thick 
15 vol% 5 nm Fe3O4 composite and 15 vol% micron Fe3O4 composite. 
 
This observation can easily be explained when thinking of the mechanisms by which the 
two magnetic nanoparticles of different sizes interact. Logically, the absorption frequency for 
mixed size particles mirrors that of the larger sized particle as the average size of the mixed 
particles is governed by the larger particles. On the other hand, the intensity of the absorption 
peak is increased due to magnetic exchange coupling effects between the particles, leading to a 
better dipole alignment with the magnetic field of the incoming electromagnetic wave and thus 
influencing the intensity of absorption. This discussion can be applied to the 5 nm/20 nm and 5 





Figure 2.31. (a) Reflection loss data for a 15 vol% loading 5 nm (7.5 vol%)/20 nm(7.5 vol%) 
Fe3O4 nanoparticle composite of thicknesses 1 to 6 mm. (b) Overlay of the reflection loss data 
for a 3 mm thick 15 vol% 5 nm/20 nm Fe3O4 nanoparticle composite with the corresponding 3 




Figure 2.32. (a) Reflection loss data for a 15 vol% loading 5 nm (7.5 vol%)/100 nm (7.5 vol%) 
Fe3O4 composite of thicknesses 1 to 6 mm. (b) Overlay of the reflection loss data for a 3 mm 
thick 15 vol% 5 nm/100 nm Fe3O4 composite with the corresponding 3 mm thick 15 vol% 5 nm 




Our work has made great strides in developing a fundamental understanding of the 
mechanisms of magnetic nanoparticle electromagnetic wave absorption. This chapter presented 
one of the first known systematic studies to approach magnetic electromagnetic wave absorbing 
materials by design. We have proven the ability to fine tune the resonant frequency of a material 
through the use of nanoparticle organic solution synthesis and strict control over the size of our 
particles. We have also shed light on a mechanism by which the exchange coupling of two 
different sized particles may work, controlling the intensity of the resonant absorption peak 
through the addition of smaller sized nanoparticles and the position by larger particles. This data 
shows much promise in developing the understanding of the mechanism of nanoparticle 
electromagnetic absorption and should be used as a basis for which to build off of. In the future, 
this knowledge may be able to be used to develop more complex systems to tune the specific 
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 Ferrite nanoparticles of the formula MFe2O4 (M = Fe, Co, Cu, Mn, Mg, etc.) are of 
particular technological interest in modern society because their electrical and magnetic 
properties can be tailored for various applications by varying the chemical identity of the M2+ 
ion.1 Relevant applications include, but are not limited to, electronic devices,2 high density 
magnetic recording devices,3 contrast agents in medical resonance imaging (MRI),4,5 gas 
sensors,6 magnetically guided vehicles for drug delivery,7 and electromagnetic wave absorbers. 
For example, cobalt ferrites (CoFe2O4) are reported to possess high magnetic anisotropy,
1,8,9 
making them good candidates for hard magnets used in high frequency applications such as 
telecommunications or radar systems,10 while manganese ferrites (MnFe2O4) are reported to 
possess low blocking temperatures and a high saturation magnetization,11 arising from the ability 
of the Mn2+ ion to substitute into the tetrahedral holes of the spinel unit cell due to its five 
unpaired electrons.12 This immense tunability in chemical composition and bonding makes spinel 
ferrites ideal candidates for understanding and controlling the magnetic properties of 
nanoparticles through the variation of chemistry at the atomic level.13 Depending on the chemical 
identity of the M2+ ion, spinel ferrites can be designed to have application-specific, desirable 
properties such as high magnetic permeability, electrical resistivity, coercivity, or saturation 
magnetization and are interesting candidates for future high performance electromagnetic 
devices.14–16 However, interestingly enough, spinel ferrites have yet to be systematically 
explored as prospects for electromagnetic wave absorption.  
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 Electromagnetic wave absorbing materials play an important role in modern industry. 
They are used for many technological applications, with perhaps their single most prominent use 
as electromagnetic wave absorbers in portable electronic devices such as smart phones and 
mobile PCs to protect humans from exposure to electromagnetic pollution, which has been 
linked to an increased risk of developing cardiac/vascular diseases, cancer, or neural illnesses.17–
19 In the defense sector, a large area of research which has been gaining increasing attention in 
recent years, electromagnetic absorbing materials are painted onto the surface of aircrafts and 
ships to reduce the radar cross section (RCS) of a desired vessel, usually a plane, ship, or 
submarine.20–22 The process by which electromagnetic absorbing materials work is through 
converting electromagnetic energy to thermal energy and dissipating the heat across the surface 
of the structure they are coating. When exposed to an external magnetic field (i.e. radar), the 
magnetic dipoles present in the paint mixture orient to the magnetic field. When the external 
field changes directions fast, the dipoles lag the impressed field variations and torque is exerted 
which consumes the electromagnetic energy and dissipates it as heat along the surface of the 
vessel. As this process is repeated, the incoming electromagnetic energy is absorbed and 
dissipated rather than being reflected back towards the receiver, thus decreasing the RCS of the 
vessel.23  
As stated in our previous work, magnetic materials have long been used as radar 
absorbers on aircrafts, usually in the form of iron ball paint.14,21,22,24–27 The absorber is usually 
applied by painting the metal surfaces with mixtures of carbonyl iron and polymer, with 
magnetic iron or ferrite particles generated in situ by the decomposition or oxidation of iron 
carbonyl. However, while this approach has been demonstrated to be successful in the reduction 
of the radar cross section (RCS), it is expected that the poorly defined synthetic approach 
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produces inhomogeneous layers of magnetic materials with a wide distribution of particles sizes. 
Impurities such as carbon, oxygen, and nitrogen may also be produced which can inhibit the 
effectiveness of the electromagnetic wave absorber.28 It follows that due to the lack of control 
over material structures by conventional electromagnetic absorber synthesis methods, it makes it 
challenging to systematically study and improve existing magnetic materials for electromagnetic 
wave absorption.  
 In Chapter 3, we propose a systematic investigation of various spinel ferrite (MFe2O4, M 
= Fe, Co, Cu, Mn, Mg) magnetic nanomaterials for electromagnetic wave absorption as a means 
of improving the existing library of materials for electromagnetic wave absorbing materials and 
to potentially give insight into the mechanisms by which ferrite nanomaterials behave when 
exposed to electromagnetic radiation. As previously stated, the tunability of spinel ferrites makes 
them an excellent candidate for discerning the mechanisms by which their magnetic properties 
work at the atomic level. Considering this fact, we have developed directed syntheses of uniform 
size and shape for each of the ferrites listed above through the use of organic solution synthesis 
techniques. We have then correlated the dielectric and magnetic properties of our materials to the 
electromagnetic absorption properties by measuring the complex permittivity and permeability of 
the ferrites through use of a vector network analyzer (VNA). From this data, we have drawn 
trends and conclusions concerning the electromagnetic wave absorption properties of ferrites to 
help further the understanding of EM wave absorption and expand the knowledge in the field.  
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3.2 EXPERIMENTAL METHODS 
Chemicals. All materials (metal precursors, organic solvents, and ligands) were 
purchased from Sigma Aldrich. All chemicals were used as received.  
Synthesis Design. All nanoparticles were synthesized under inert argon gas in a standard 
Schlenk line setup. All synthesis procedures were adapted and modified from a previous report.8 
3.2.1 Synthesis 
Synthesis of 5 nm Fe3O4 Nanoparticles. 5 nm Fe3O4 nanoparticles were synthesized by 
the decomposition of iron (III) acetylacetonate (Fe(acac)3). In a typical synthesis, iron (III) 
acetylacetonate (0.706 g, 2.0 mmol) was dissolved in 20 mL diphenyl ether (DPE) containing 
oleic acid (1.91 mL, 6.0 mmol), oleylamine (1.97 mL, 6.0 mmol) and 1,2-hexadecanediol (2.58 
g, 10.0 mmol) and refluxed for 30 min at 260°C. The precipitate was collected via centrifugation 
at 6000 rpm for 10 min, re-dispersed in ethanol, and centrifuged once again at 6000 rpm for 10 
min. The final product was re-dispersed in hexanes and stabilized with 2-3 drops of oleylamine.  
Synthesis of 5 nm CoFe2O4 Nanoparticles. 5 nm CoFe2O4 nanoparticles were synthesized 
by the decomposition of iron (III) acetylacetonate (Fe(acac)3) and cobalt (II) acetylacetonate 
(Co(acac)2). In a typical synthesis, iron (III) acetylacetonate (0.353 g, 1.0 mmol) and cobalt (II) 
acetylacetonate (0.129 g, 0.50 mmol) were dissolved in 25 mL benzyl ether (BE) containing 
oleic acid (0.92 mL, 2.9 mmol), oleylamine (5 mL, 15.2 mmol) and 1,2-tetradecanediol (1.15 g, 
5.0 mmol). The reaction mixture was then heated for 60 min at 110°C as a water removal step, 
heated for 120 min at 210°C to promote the decomposition of Fe and Co, and then refluxed for 
30 min at a higher temperature (300°C). The precipitate was collected via centrifugation at 8000 
rpm for 10 min, re-dispersed in ethanol, and centrifuged once again at 8000 rpm for 10 min. The 
final product was re-dispersed in hexanes and stabilized with 2-3 drops of oleylamine.  
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Synthesis of 5 nm CuFe2O4 Nanoparticles. 5 nm CuFe2O4 nanoparticles were synthesized 
by the decomposition of iron (III) acetylacetonate (Fe(acac)3) and copper (II) acetylacetonate 
(Cu(acac)2). In a typical synthesis, iron (III) acetylacetonate (0.353 g, 1.0 mmol) and copper (II) 
acetylacetonate (0.183 g, 0.70 mmol) were dissolved in 25 mL benzyl ether (BE) containing 
oleic acid (0.92 mL, 2.9 mmol), oleylamine (10 mL, 30.4 mmol) and 1,2-hexadecanediol (1.29 g, 
5.0 mmol). The reaction mixture was then heated for 60 min at 110°C as a water removal step, 
heated for 120 min at 210°C to promote the decomposition of Fe and Cu, and then refluxed for 
30 min at a higher temperature (300°C). The precipitate was collected via centrifugation at 8000 
rpm for 10 min, re-dispersed in ethanol, and centrifuged once again at 8000 rpm for 10 min. The 
final product was re-dispersed in hexanes and stabilized with 2-3 drops of oleylamine.  
Synthesis of 5 nm MnFe2O4 Nanoparticles. 5 nm MnFe2O4 nanoparticles were 
synthesized by the decomposition of iron (III) acetylacetonate (Fe(acac)3) and manganese (II) 
acetylacetonate (Mn(acac)2). In a typical synthesis, iron (III) acetylacetonate (0.353 g, 1.0 mmol) 
and manganese (II) acetylacetonate (0.190 g, 0.75 mmol) were dissolved in 25 mL benzyl ether 
(BE) containing oleic acid (0.92 mL, 2.9 mmol), oleylamine (1 mL, 3.04 mmol) and 1,2-
tetradecanediol (1.15 g, 5.0 mmol). The reaction mixture was then heated for 60 min at 110°C as 
a water removal step, heated for 120 min at 210°C to promote the decomposition of Fe and Mn, 
and then refluxed for 30 min at a higher temperature (300°C). The precipitate was collected via 
centrifugation at 8000 rpm for 10 min, re-dispersed in ethanol, and centrifuged once again at 
8000 rpm for 10 min. The final product was re-dispersed in hexanes and stabilized with 2-3 
drops of oleylamine.  
Synthesis of 5 nm MgFe2O4 Nanoparticles. 5 nm MgFe2O4 nanoparticles were 
synthesized by the decomposition of iron (III) acetylacetonate (Fe(acac)3) and magnesium (II) 
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acetylacetonate (Mg(acac)2). In a typical synthesis, iron (III) acetylacetonate (0.706 g, 2.0 mmol) 
and magnesium (II) acetylacetonate (0.219 g, 0.85 mmol) were dissolved in 25 mL benzyl ether 
(BE) containing oleic acid (1.91 mL, 6.0 mmol), oleylamine (7.89 mL, 24.0 mmol) and 1,2-
hexadecanediol (2.58 g, 10.0 mmol). The reaction mixture was then heated for 60 min at 110°C 
as a water removal step, heated for 120 min at 210°C to promote the decomposition of Fe and 
Mg, and then refluxed for 30 min at a higher temperature (300°C). The precipitate was collected 
via centrifugation at 8000 rpm for 10 min, re-dispersed in ethanol, and centrifuged once again at 
8000 rpm for 10 min. The final product was re-dispersed in hexanes and stabilized with 2-3 
drops of oleylamine.  
3.2.2 Materials Characterization 
Transmission electron microscopy (TEM) images were acquired on a 120 kV, FEI Tecnai 
12 TWIN microscope. X-ray diffraction (XRD) patterns were collected on a PANalytical X’Pert3 
Powder X-Ray Diffractometer equipped with a Cu Kα radiation source (λ=0.15406). ). Energy 
dispersive x-ray spectroscopy (EDX) data were collected on a JEOL 6700F Scanning Electron 
Microscope (SEM) equipped with energy dispersive spectroscopy capabilities. Magnetic 
hysteresis loops were acquired on a MicroMag 2900 Series AGM.  
3.2.3 Electromagnetic Absorption Studies 
All MFe2O4 (M = Fe, Co, Cu, Mn, Mg) composite wax/nanoparticle samples were 
prepared in 20 mL scintillation vials by dispersing the appropriate amounts of paraffin wax and 
Fe3O4 nanoparticles in toluene to achieve nanoparticle volume fractions ranging from 15% to 
40% and slowly evaporating the solvent to create a uniformly dispersed composite matrix. The 
resulting composites were then molded into a toroidal shape using a Teflon mold with an outer 
diameter of 6.98 mm, inner diameter of 3.03 mm and thickness of 1 mm and fitted to a Keysight 
85051B 7 mm airline for the microwave measurements. The complex permittivity and 
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permeability of the composite samples were measured using a Keysight FieldFox N9918A 
Microwave Analyzer in the 2 – 18 GHz region and the reflection loss was calculated used the 
measured permittivity and permeability.  
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3.3 DISCUSSION AND RESULTS 
3.3.1 Materials Characterization 
Metal ferrite (MFe2O4, M = Fe, Co, Cu, Mn, Mg) nanoparticles of size ~5 nm are shown 
in transmission electron microscopy (TEM) images in Figure 3.1(a). All synthesized 
nanoparticles show a sphere-like morphology. Through size distribution analysis, mean 
diameters have been determined to be 5.37 nm (Fe3O4), 5.77 (CoFe2O4), 6.26 nm (CuFe2O4), 
5.92 nm (MnFe2O4), and 5.05 nm (MgFe2O4). Size distribution profiles are shown in Figure 3.2.  
All nanoparticles (besides Fe3O4) were synthesized in a 1:2 M:Fe metal ratio, as determined by 
energy dispersive x-ray spectroscopy (EDX). The EDX results are summarized in Table 3.1 
below: 
Table 3.1. EDX data for all MFe2O4 (M = Mn, Co, Mg, Cu) nanoparticles. 
Material Weight % M Weight % Fe Atomic % M Atomic % Fe Ratio Fe:M 
Fe3O4 - - 0 100 - 
MnFe2O4 33.42 66.58 33.78 66.22 1.96:1 
CoFe2O4 34.19 65.81 32.99 67.01 2.03:1 
MgFe2O4 17.81 82.19 33.23 66.77 2.01:1 
CuFe2O4 39.49 60.51 36.46 63.54 1.75:1 
 
Figure 3.1(b) presents the typical x-ray diffraction (XRD) pattern for the various sized MFe2O4 
products. All of the peaks align with the expected patterns as confirmed by their agreement with 
JCPDS No. 00-019-0629 (Fe3O4), No. 01-079-1744 (CoFe2O4), No. 00-025-0283 (CuFe2O4), 
No. 00-010-0319 (MnFe2O4), and No. 00-036-0398 (MgFe2O4). No other diffraction peaks 
besides those corresponding to the appropriate metal ferrite were observed, which indicates high 
purity of our as-synthesized products. Figure 3.1(c) displays the magnetic hysteresis loops of all 
the as-synthesized metal ferrite nanoparticles. The saturation magnetization values (Ms) vary 
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from sample to sample and were determined by assuming M(H) = Ms + XdH (Xd being the high 
field susceptibility) at high field and extrapolating the M(H) curve to zero field (i.e. H = 0).29,30 
Ms values were found to be 5.791 (Fe3O4), 10.049 (CoFe2O4), 18.096 (CuFe2O4), 16.806 
(MnFe2O4), and 9.573 (MgFe2O4) emu g
-1. All of these values are much lower than that of the 
corresponding bulk  ferrites (85 – 100 emu g-1), which is expected due to the nanoscale size of 
the materials as established in previous literature.31 The saturation magnetization behavior of all 
samples is also as expected, resulting in the following trend: CuFe2O4 > MnFe2O4 > CoFe2O4 > 
MgFe2O4 > Fe3O4. Fe3O4, CoFe2O4, MnFe2O4, and MgFe2O4 display superparamagnetic 
behavior while CuFe2O4 displays soft ferromagnetic behavior. Fe3O4, CoFe2O4, and MgFe2O4 
display similar Ms values due to a similar cation distribution within the inverse spinel structure 
with the Fe3+ ions occupying the tetrahedral sites and the M2+ (M = Fe, Co, Mg) ions occupying 
the octahedral sites. MnFe2O4 displays a slightly higher saturation magnetization; since both 
Mn2+ and Fe3+ have five unpaired electrons, both ions will occupy the tetrahedral sites and a the 
Mn2+ ions will have a greater influence on the total magnetization than it’s octahedral 
counterparts (Fe3O4, CoFe2O4, and MgFe2O4).
12 CuFe2O4 displays the highest saturation 
magnetization due to its ferromagnetic nature.32 The hysteresis curves reveal coercivities of 
30.23 (Fe3O4), 29.64 (CoFe2O4), 132.78 (CuFe2O4), 12.37 (MnFe2O4), and 6.52 (MgFe2O4) Oe. 
It is worthy to note that the smaller size nanoparticles in this study exhibit coercivities that are 
much lower than that of bulk materials, again due to the nanoscale size of the materials. This 
could be due to special morphology-related shape anisotropy when considering the sub-domain 
size of these nanoparticles.33 As expected, the Fe3O4, CoFe2O4, MnFe2O4, and MgFe2O4 display 






Figure 3.1. (a) TEM images, (b) XRD patterns and (c) hysteresis loops of 5 nm MFe2O4 (M = 




Figure 3.2. Size distribution profiles for 5 nm (a) Fe3O4, (b) CoFe2O4, (c) CuFe2O4, (d), 





3.3.2 Discussion of Electromagnetic Measurements 
Figure 3.3 shows a typical data output using 5 nm Fe3O4 nanoparticles at a 30 vol% 
loading. Figure 3.3(a) shows the reflection loss (RL) data for varying thicknesses (1 mm – 6 mm) 
of 5 nm Fe3O4/paraffin wax composites at a 30 vol% nanoparticle loading. The relationship 
between the reflection loss of the Fe3O4/paraffin wax composite and frequency is calculated as 
follows: 
    (1) 
           (2) 
where εr and μr are the relative complex permittivity and permeability of the wax composite, c is 
the speed of light, f is the frequency and d is the thickness of the absorbing material. As shown in 
Figure 3.3(a), RL absorption peaks for 5 nm Fe3O4 at a 30 vol% loading across all thickness on a 
0.5 mm interval from 1 mm to 6 mm can be seen with a local maximum absorption of -4.54 dB 
at 6.16 GHz corresponding to a 6 mm thickness. Figure 3.3(b) shows the real and imaginary 
portions of the complex permittivity and permeability across the frequency range from 2 GHz – 
18 GHz for 5 nm Fe3O4 nanoparticles at a 30 vol% loading. In general, the values of both the real 
(εʹ, μʹ) and imaginary (εʺ, μʺ) portions of the complex permittivity and permeability gradually 
decrease with increasing frequency. For both imaginary portions, εʺ and μʺ, a much sharper 
decrease can be seen early on in the frequency range, from 2 GHz < f < 4 GHz. Negative values 






Figure 3.3 (a) Reflection loss for varying thicknesses (1 mm – 6 mm) of 5 nm Fe3O4/paraffin 
wax composites at 30 vol% nanoparticle loading. (b) Complex permittivity and permeability 
values for 30 vol% 5 nm Fe3O4/paraffin wax composites at a 1 mm thickness.  
 
Figures 3.4, 3.5, and 3.6 show the raw reflection loss (RL) data for all loadings of 
MFe2O4 (M = Fe, Co, Cu, Mn, Mg) across all nanoparticle loadings (15, 30, and 40 vol%).  The 
previous discussion concerning Figure 3.3 can be applied to any specific size and loading in 
Figures 3.4, 3.5, and 3.6. 
 















Similarly to Section 2.3.2, it is once again necessary to discern the primary mechanism 
(magnetic or dielectric) for electromagnetic wave absorption displayed by the ferrite 
nanoparticles in this study. Figures 3.7 and 3.8 display the magnetic and dielectric loss tangents 




Figure 3.7. The magnetic loss tangent, tan(μʺ/μʹ), for 5 nm Fe3O4, CoFe2O4, MnFe2O4, 
MgFe2O4, and CuFe2O4. 
 
Figure 3.8. The dielectric loss tangent, tan(ɛʺ/ ɛ ʹ), for 5 nm Fe3O4, CoFe2O4, MnFe2O4, 
MgFe2O4, and CuFe2O4. 
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As demonstrated in the Figures 3.7 and 3.8, the values of the magnetic loss tangents are much 
larger than the dielectric loss tangents across the entire frequency range for all sizes, indicating 
that the absorption mechanism is predominantly controlled by the magnetic properties of the 
ferrites, rather than the dielectric properties. However, while still lower, the values of the 
dielectric loss tangents are much more comparable to the magnetic loss tangents, suggesting that 
the dielectrics have more influence on the electromagnetic properties displayed by the ferrite 
system in question. This is discussed more in depth in future sections.  
 
3.3.3 Nanoparticle Loading Dependence Effects on Electromagnetic Wave Absorption 
The effects of loading dependence on the materials properties and reflection loss data of 
the system were measured at varying loadings of 15, 30 and 40 vol% for all MFe2O4 (M = Fe, 
Co, Cu, Mn, Mg) nanoparticle samples and the data analyzed for trends. Figure 3.9 shows the 
effect of nanoparticle loading on the intensity of electromagnetic wave absorption (Figure 
3.9(a)), the complex permittivity, and the complex permeability (Figure 3.9(b)) of 5 nm CoFe2O4 
nanoparticles in a toroid of 3 mm thickness. In agreement with previous studies and the data 
presented in Chapter 2 of this dissertation, it is shown that as nanoparticle loading increases, εʹ, 
εʺ, μʹ and μʺ all increase as well.34,35 The reasoning behind this phenomena is explained by the 
fact that as the loading of the sample increases, the overall volume of nanoparticles increases as 
well, thus increasing the effective permittivity and permeability of the material. Holding true to 
this, it is observed that as the nanoparticle loading is increased, the complex permittivity and 
permeability increase as well, thus increasing the intensity of electromagnetic wave absorption 





Figure 3.9. (a) Reflection loss for varying nanoparticle loadings (15, 30, and 40 vol%) of 5 nm 
CoFe2O4/paraffin wax composites at a 6 mm thickness. (b) Visualization of the effect of loading 
on the real and imaginary portions of the permittivity and permeability of 5 nm CoFe2O4 
nanoparticles.  
 
Figures 3.10 – 3.13 show the effect of loading on the reflection loss (RL) data for 5 nm 
Fe3O4, MnFe2O4, CuFe2O4, MgFe2O4 across all nanoparticle loadings (15, 30, and 40 vol%), 
respectively.  The previous discussion concerning the 5 nm CoFe2O4 can be applied to any 






Figure 3.10. (a) Reflection loss for varying nanoparticle loadings (15, 30, and 40 vol%) of 5 nm 
Fe3O4/paraffin wax composites at a 3 mm thickness. (b) Visualization of the effect of loading on 





Figure 3.11. (a) Reflection loss for varying nanoparticle loadings (15, 30, and 40 vol%) of 5 nm 
MnFe2O4/paraffin wax composites at a 3 mm thickness. (b) Visualization of the effect of loading 






Figure 3.12. (a) Reflection loss for varying nanoparticle loadings (15, 30, and 40 vol%) of 5 nm 
CuFe2O4/paraffin wax composites at a 3 mm thickness. (b) Visualization of the effect of loading 






Figure 3.13. (a) Reflection loss for varying nanoparticle loadings (15, 30, and 40 vol%) of 5 nm 
MgFe2O4/paraffin wax composites at a 3 mm thickness. (b) Visualization of the effect of loading 






3.3.4 Doping Dependence Effects on Electromagnetic Wave Absorption 
 
To determine the effect of doping (i.e. changing the M2+ ion) on the maximum absorption 
frequencies of the ferrite systems, all MFe2O4 (M = Fe, Co, Cu, Mn, Mg) nanoparticles were 
measured at varying loadings of 15, 30 and 40 vol% and the data compared, holding the loading 
percentage constant. Figure 3.14 (a) and (c) display the effect of M2+ ion doping on the RL peak 
resonant frequency for all studied ferrites in the MFe2O4 nanoparticle series at a 3 mm toroid 








Figure 3.14. (a) Illustration of the effect of ferrite type on the reflection loss resonant frequency 
for MFe2O4 (M = Fe, Co, Cu, Mn, Mg) samples of 6 mm thickness and 30 vol% loading. (b) 
Illustration of the effect of ferrite type on the real and imaginary portions of the permittivity and 
permeability of MFe2O4 nanoparticles at 30 vol% loading. (c) Illustration of the effect of ferrite 
type on the reflection loss resonant frequency for MFe2O4 samples of 6 mm thickness and 40 
vol% loading. (d) Illustration of the effect of ferrite type on the real and imaginary portions of 
the permittivity and permeability of MFe2O4 nanoparticles at 40 vol% loading. 
 
As shown in Figure 3.14 (a) and (c), the trend for RL resonant electromagnetic wave 
absorption frequency, listed in order of increasing resonant frequency, is as follows:  CuFe2O4 < 
CoFe2O4 < MnFe2O4 ≈ MgFe2O4 ≈ Fe3O4. The results of the specific peak positions for 3 mm 
thick wax/nanoparticle composite toroids across all loadings are summarized in Table 3.2 below: 
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Table 3.2. Ferrite-Based Nanoparticle Doping Effects on Resonant Frequency of 




 CuFe2O4 CoFe2O4 MnFe2O4 MgFe2O4 Fe3O4 
15 vol% 12.97 GHz 12.07 GHz 14.08 GHz 13.59 GHz 13.50 GHz 
30 vol% 11.22 GHz 12.81 GHz 12.59 GHz 13.08 GHz 13.41 GHz 
40 vol% 11.44 GHz 12.27 GHz 12.67 GHz 12.67 GHz 12.41 GHz 
 
Specifically, taking the 40 vol% loading data into consideration, we see the resonance peaks at 
11.44 GHz for CuFe2O4, 12.17 GHz for CoFe2O4, 12.67 GHz for MnFe2O4, 12.67 GHz for 
MgFe2O4, and 12.41 GHz for Fe3O4. MnFe2O4, MgFe2O4, and Fe3O4 have been described as 
roughly equal to each other as the maximum absorption frequencies for these materials fall 
within ~0.5 GHz of one another across all loadings, and the ordering of the positioning of the 
maximum absorption frequencies varies slightly. It is rather interesting that these three ferrites 
behave relatively similarly. It may be worth an extensive effort to uncover the exact mechanism 
by which the ferrite particles absorb electromagnetic radiation in order to further understand and 
potentially predict where absorption peaks may lie. 
The previously described trend, again listed in order of increasing resonant frequency,  
CuFe2O4 < CoFe2O4 < MnFe2O4 ≈ MgFe2O4 ≈ Fe3O4, holds true for all loading percentages, 
aside from two slight deviations. First, while the 15 vol% and 40 vol% data show that CoFe2O4 
should have a lower maximum absorption frequency than MnFe2O4, the 30 vol% data shows the 
ordering for the maximum absorption frequency for these two ferrites is reversed. In fact, 
MnFe2O4 displays a lower maximum absorption frequency than CoFe2O4, with values of 12.59 
GHz and 12.81 GHz, respectively. This deviation from the trend is difficult to explain, but is 




cations as previously discussed. The second deviation from the trend is concerning the 
positioning of the CoFe2O4 maximum absorption frequency at 15 vol% as the lowest absorption 
frequency among the measured ferrites, at 12.07 GHz. This deviation is thought to be explained 
by some excess aggregation of particles during the sample preparation stage, resulting in a larger 
effective size of the particles and thus, a lower maximum absorption frequency. It is tough to 
gauge the degree of aggregation in the paraffin wax composites as most x-ray or electron beam 
imaging techniques will melt the wax, causing damage to instruments. An appropriate imaging 
technique for this purpose has not yet been thought of. The relationship between the size of a 
particle and absorption frequency has been discussed in Chapter 2, as well as a prior 
publication.35   
Similarly, to determine the effect of doping (i.e. changing the M2+ ion) on intensity of 
electromagnetic absorption for the ferrite systems, all MFe2O4 (M = Fe, Co, Cu, Mn, Mg) 
nanoparticles were measured at varying loadings of 15, 30 and 40 vol% and the data compared, 
holding the loading percentage constant. Figure 3.14 (a) and (c) display the effect of M2+ ion 
doping on the intensity of electromagnetic absorption for all studied ferrites in the MFe2O4 
nanoparticle series at a 3 mm toroid thickness, with a 30 vol% loading and 40 vol% loading, 
respectively. As shown in Figure 3.14 (a) and (c), the trend for RL resonant electromagnetic 
wave absorption frequency, listed in order of increasing intensity of electromagnetic wave 
absorption, is as follows:  CoFe2O4 ≈ MnFe2O4 ≈ Fe3O4 < MgFe2O4 < CuFe2O4. The results of 
the specific peak positions for 3 mm thick wax/nanoparticle composite toroids across all loadings 










 CuFe2O4 CoFe2O4 MnFe2O4 MgFe2O4 Fe3O4 
15 vol% -6.51 dB -2.57 dB -2.34 dB -5.32 dB -4.43 dB 
30 vol% -11.13 dB -4.16 dB -4.48 dB -5.03 dB -3.18 dB 
40 vol% -7.88 dB -4.99 dB -3.21 dB -6.26 dB -1.67 dB 
 
Taking the 30 vol% loading data into consideration, we see maximum electromagnetic 
absorption intensities of -11.13 dB for CuFe2O4, -5.03 dB for MgFe2O4, -4.48 dB for MnFe2O4,  
-4.16 dB for CoFe2O4, and -3.18 dB for Fe3O4. Across all measured loadings, the CuFe2O4 
nanoparticles are the most effective electromagnetic absorber, followed by MgFe2O4. There are 
no apparent trends amongst MnFe2O4, CoFe2O4, and Fe3O4, aside from all three displaying less 
effective absorption properties than MgFe2O4 and CuFe2O4 regardless of loading. In fact, the 
highest absorption intensity amongst the three, -4.99 dB at a 40 vol% loading of CoFe2O4, is still 
less effective than the lowest observed absorption intensity for MgFe2O4, -5.03 dB at a 30 vol% 
loading, and CuFe2O4 is most effective across all loadings. This behavior is largely due to the 
soft ferromagnetic nature of CuFe2O4 and the superparamagnetic nature of MnFe2O4, CoFe2O4, 
MgFe2O4, and Fe3O4 as previously discussed. 
Figures 3.14 (b) and (d) display the effect of doping on the real and imaginary portions of 
the permittivity and permeability for all measured ferrite nanoparticles at a 1 mm toroid 
thickness, with a 30 vol% loading and 40 vol% loading, respectively. The trends can be seen in 





Table 3.4. Ferrite-Based Nanoparticle Trends in Complex Permittivity and Permeability. 
Material Property Trend 
Real Permittivity 
(ε΄) 
CuFe2O4 > CoFe2O4 > MnFe2O4 > MgFe2O4 > Fe3O4 
Imaginary 
Permittivity (ε΄΄) 
CuFe2O4 > MgFe2O4 > CoFe2O4 > MnFe2O4 > Fe3O4 
Real Permeability 
(μ΄) 
MgFe2O4 > CoFe2O4 > Fe3O4 > MnFe2O4 > CuFe2O4 
Imaginary 
Permeability (μ΄΄) 




Fe3O4 > MgFe2O4 > MnFe2O4 > CoFe2O4 > CuFe2O4 
 
Figure 3.15 (a) displays the effect of doping on the RL peak intensity and resonant frequency and 
Figure 3.15 (b) displays the effect of doping on the real and imaginary portions of the 
permittivity and permeability for 5 nm MFe2O4 (M = Fe, Co, Cu, Mn, Mg) nanoparticles at a 3 
mm toroid thickness, with a 15 vol% loading. The previous discussion on doping effects can be 
applied to the 5 nm MFe2O4 (M = Fe, Co, Cu, Mn, Mg) nanoparticles at 15 vol% loading as well. 
 
 
Figure 3.15. (a) Illustration of the effect of ferrite type on the reflection loss resonant frequency 
for MFe2O4 (M = Fe, Co, Cu, Mn, Mg) samples of 3 mm thickness and 15 vol% loading. (b) 
Illustration of the effect of ferrite type on the real and imaginary portions of the permittivity and 
permeability of MFe2O4 nanoparticles at 15 vol% loading. 
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Explaining the apparent trends (or lack thereof) in the real and imaginary permittivity and 
permeability of nanoscale ferrites is rather tough to do and has yet to be explored in depth in the 
literature. In conceptual terms, the real permittivity is thought of as the ability of a material to 
store electrical energy in an electrical field and the imaginary permittivity is the dielectric loss of 
the material, dependent on conductivity. The real permeability is typically defined as the ability 
of a material to align its magnetic moment to an external magnetic field and the imaginary 
permeability is the measure of the rotation of a material around its easy axis. As we can see from 
the trends described in the above table, the only material property that aligns with the observed 
trend in reflection loss peak position is the real permittivity, as the absorption frequency 
decreases with increasing real permittivity. This result strongly indicates that the dielectric 
properties of ferrites have more influence of their electromagnetic absorption behavior than the 
magnetic properties do. This conclusion is further supported when looking at the trend in the 
imaginary permittivity and realizing that aside from MgFe2O4, the trend here also follows the 
same ordering as the trends for the real permittivity and absorption frequency. In fact, this 
phenomenon has been previously reported by other studies indicating that the imaginary 
permittivity, εʺ, increases with a decrease in absorption frequency.36 The unique result from 
MgFe2O4, seemingly out of place, is thought to be due to contributing effects from the spinel 
structure and the smaller electron cloud of the Mg2+ ions in comparison with the other d-block 
ions in this study (Fe2+, Co2+, Cu2+, and Mn2+).  
 When looking at the influence of the magnetic properties on the electromagnetic 
absorption behavior of the ferrites under study, it is relatively easy to understand why there are 
no logical trends that can be discerned from the data. According to our previous study 
concerning the effect of nanoparticle size on electromagnetic absorption behavior, we have 
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determined that as the size of a nanoparticle increases, the imaginary permeability increases, and 
thus the frequency of absorption is shifted to lower values. This trend is explained through the 
Landau-Lifshitz-Gilbert equation (LLG) as discussed in our previous work.35 In the current 
study, all of the nanoparticles have a very similar size in between around 5 nm. With no 
definitive changes in the size of the particles under study, it makes sense that we may not see a 
large variation in the value of the imaginary permeability, and in turn, a weak influence on the 
electromagnetic absorption behavior. This phenomenon can be seen visually from Figure 3.14 
(b) and (d) when taking into account that the magnitude of the difference from the highest to 
lowest imaginary permeability (~0.2) is much less than that of the real or imaginary permittivity 
(~5.0 and ~0.9, respectively). Since there is not a large variation in the imaginary permeability of 
the ferrites under study, it follows that we would not see a large influence from the magnetic 
properties on the absorption frequencies, while the dielectrics dominate this behavior due to the 
large variation among samples.  
 As previously stated and discussed in a Chapter 2, the real permeability is dependent 
upon the crystallinity of each sample rather than the magnetization or size of the material.35 
Again, as all of the samples under study are of the same size, and all of the spinel or inverse 
spinel structure, it follows that their crystal sizes are very similar as well. This explains the lack 
of an apparent trend amongst the varying ferrites in this study. Mathematically, the explanation 
for this lack of trend can be seen by looking at the real permeability caused by the Néel 
relaxation of a material in the superparamagnetic state37: 
     (3) 
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where Vp is the volume of the nanoparticle, M0 is the saturation magnetization, kB is the 
Boltzmann constant and T is the temperature. Since  will be an extremely small number 
(VpM0
2 << 3KBT and  << 1), any change in volume will have a negligent effect on μʹ. 
 
3.3.5 Theoretical Model for the Calculation of the Effective Permeability for Ferrites 
The effective permeability has been modeled following procedures established by R.F. 
Soohoo and described by Wu et al. in a previous report.38,39 This was discussed in detail in 
Chapter 2. As previously stated, the resulting calculated μeff from this procedure is valid for 
single domain particles. The critical size for ferrites has been reported to be around 80 nm, 
indicating that all particles in this study can be modeled using this approach.40 
Figure 3.16 shows the agreement between the measured and simulated effective complex 
permeability for 5 nm Fe3O4 nanoparticles at a (a) 15 vol%, (b) 30 vol%, and (c) 40 vol% 
loading. The agreement between the experimental and simulated values is acceptable, indicating 
that the magnetic nanoparticle/wax composites behave according to standard mixing theories. 
The experimental and simulated curves have roughly the same curve shape, however are slightly 









Figure 3.16. Calculated real part, μʹ, and imaginary part, μʺ, of the complex effective 
permeability for 5 nm Fe3O4 nanoparticles at volume fractions of (a) 15 vol%, (b) 30 vol%, and 
(c) 40 vol%.  
 
Simulation results for all other sizes and loadings of Fe3O4 nanoparticles are shown in 







Figure 3.17. Calculated real part, μʹ, and imaginary part, μʺ, of the complex effective 
permeability for 5 nm CoFe2O4 nanoparticles at volume fractions of (a) 15 vol%, (b) 30 vol%, 






Figure 3.18. Calculated real part, μʹ, and imaginary part, μʺ, of the complex effective 
permeability for 5 nm MnFe2O4 nanoparticles at volume fractions of (a) 15 vol%, (b) 30 vol%, 






Figure 3.19. Calculated real part, μʹ, and imaginary part, μʺ, of the complex effective 
permeability for 5 nm MgFe2O4 nanoparticles at volume fractions of (a) 15 vol%, (b) 30 vol%, 






Figure 3.20. Calculated real part, μʹ, and imaginary part, μʺ, of the complex effective 
permeability for 5 nm CuFe2O4 nanoparticles at volume fractions of (a) 15 vol%, (b) 30 vol%, 








 In conclusion, modifications of existing methods for the synthesis of MFe2O4 (M  = Fe, 
Co, Cu, Mg, Mn) nanoparticles via organic solution synthesis and thermal decomposition of the 
corresponding metal acetylacetonates have been implemented to produce nanoparticles of size 5 
nm and M:Fe composition of 1:2. The dielectric, magnetic and microwave absorption properties 
of the series of ferrites have been carefully investigated. Our analysis has revealed that ferrites of 
such small sizes are weak microwave absorbers in the frequency range from 10 – 18 GHz. We 
have shed light on some thought provoking trends including that the frequency of absorption 
follows the following: CuFe2O4 < CoFe2O4 < MnFe2O4 ≈ MgFe2O4 ≈ Fe3O4. In addition, the data 
gives reason to believe that the microwave absorption properties of ferrites are largely governed 
by the dielectric behavior of the material rather than the magnetic behavior. This study discussed 
in Chapter 3 should be used as building block towards developing a library of the microwave 
absorption behavior of common magnetic nanomaterials with the aim of increasing fundamental 
knowledge of microwave absorbing materials. In the future, this study could help in the 
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Chapter 4. The Influence of Alloying on the Radar Absorption Properties of 




 Alloys have long been critical to the development of civilization, dating back over five 
millennia.1 From the accidental discovery of arsenical bronze giving birth to the Bronze Age in 
2500 BC, to the discovery of steel (iron and carbon) in 300 BC, and to the industrial revolution, 
alloying has been critical to the advancement of society and has had the potential to change 
technology entirely.1–4 Since the industrial revolution, applications of alloys have shifted away 
from use as tools and/or building materials to more modern alloys which are engineered to 
achieve desired chemical or physical properties, eventually leading to the development of high 
entropy alloys (HEAs), which include five or more principal elements to the alloy.1,5 Such 
modern alloys may exhibit desirable properties including, high hardness, excellent ductility, 
improved electrical or thermal properties, high corrosion resistance, and electromagnetic 
interference (EMI) properties.6–12 
 In recent times much attention has been given to the use of HEAs as EMI as it is well 
known that they can effectively absorb electromagnetic waves by either mitigating the 
electromagnetic loss or converting the electromagnetic energy into thermal energy (heat).6,13–21 A 
wide range of HEAs have been studied for this purpose, the most predominant of which are a 
derivative of the FeCoNiCrAl parent alloy.6,7,11,22,23 For instance, Yang reported the 
electromagnetic wave absorption properties of the FeCoNiCrAl0.8 HEA with a superb reflection 
loss (-41.8 dB), while Zhang reported excellent shielding effectiveness of a high energy ball 
milled AlCoCrFeNi alloy.6,22 Of great importance for electromagnetic wave absorption with this 
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new class of HEAs is outstanding magnetic properties, leading to the ability to balance both the 
complex permittivity and complex permeability and combine both dielectric and magnetic losses, 
resulting in an improved absorption capability.6,24–28 Worthy of note in recent literature, Chen 
investigated the magnetic properties of Fe0.6CoNiCrAl, reporting a saturation magnetization 
(Ms) of 50.70 emu/g and coercivity (Hc) of 31.3 Oe, while Lu further improved upon this, 
reporting an Ms of 59 emu/g and Hc of 36.6 Oe.
29,30 
The outstanding magnetic properties that HEAs exhibit make them promising candidates 
as electromagnetic wave absorbing materials. Obviously, the magnetic properties of the HEAs 
previously discussed arise from the contributions of the magnetic metal components, Fe, Ni, and 
Co, however, there has yet to be a systematic study about the behavior of each of these 
components individually and how their properties change when alloyed. In Chapter 4, we 
propose a systematic investigation of the three most common magnetic elements (Fe, Co, and Ni) 
and their binary alloys (FeNi, CoNi, and CoFe) as materials for electromagnetic wave 
absorption. Similarly to our previous work, this study should be used as a method of improving 
the existing library of materials for electromagnetic wave absorbing materials and to potentially 
give insight into the mechanisms by which alloying magnetic nanomaterials influences 
electromagnetic radiation. As previously stated, HEAs are an excellent candidate for 
electromagnetic wave absorption, yet an effort is needed to discern the mechanisms by which 
their properties behave on a much simpler scale. Considering this fact, we have developed 
directed syntheses of uniform size and shape for each of the magnetic metals and magnetic metal 
alloys listed above through the use of organic solution synthesis techniques. We have then 
correlated the dielectric and magnetic properties of our materials to the electromagnetic 
absorption properties by measuring the complex permittivity and permeability of the metals 
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through use of a vector network analyzer (VNA). From this data, we have attempted to draw 
trends and conclusions concerning the electromagnetic wave absorption properties of magnetic 
metal and magnetic metal alloys to help further the understanding of EM wave absorption and 
expand the knowledge in the field.  
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4.2 EXPERIMENTAL METHODS 
Chemicals. All materials (metal precursors, organic solvents, and ligands) were 
purchased from Sigma Aldrich. All chemicals were used as received.  
Synthesis Design. All nanoparticles were synthesized under inert argon gas in a standard 
Schlenk line setup. Synthesis procedures were either our own methods or adapted and modified 
from previous reports.  
4.2.1 Synthesis  
Synthesis of 10 nm Co Nanoparticles.31 10 nm Co nanoparticles were synthesized by the 
decomposition of dicobalt octacarbonyl (Co2(CO)8). In a typical synthesis, a 10 mL solution of 
dichlorobenzene (DCB) containing oleic acid (0.2 mL, 0.6 mmol) and dioctylamine (0.34 mL, 
2.1 mmol) was heated for 60 min at 120°C as a water removal step. The solution was then heated 
to reflux at 180°C and a second solution of dicobalt octacarbonyl (0.54 g, 1.6 mmol) dissolved in 
3 mL of DCB was injected. The resulting solution was refluxed for 20 min at this temperature 
(180°C) after which the heat source was removed and the reaction cooled to room temperature. 
The precipitate was collected via centrifugation in ethanol at 8000 rpm for 10 min, re-dispersed 
in a hexanes/ethanol mixture, and centrifuged once again at 8000 rpm for 10 min. The final 
product was dispersed in hexanes.  
Synthesis of 10 nm Fe Nanoparticles.32 10 nm Fe nanoparticles were synthesized by the 
decomposition of iron pentacarbonyl (Fe(CO)5). In a typical synthesis, a 20 mL solution of 1-
octadecene (1-ODE) containing oleylamine (0.3 mL, 0.9 mmol) was heated for 30 min at 120°C 
as a water removal step. The solution was then heated to 240°C and a second solution containing 
iron pentacarbonyl (0.7 mL, 5.2 mmol) in 2 mL of 1-ODE was injected. The resulting solution 
was maintained at this temperature (240°C) for 5 min after which the heat source was removed 
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and the reaction cooled to room temperature. The precipitate was collected via centrifugation in 
isopropanol at 8000 rpm for 10 min, re-dispersed in a hexanes/isopropanol mixture, and 
centrifuged once again at 8000 rpm for 10 min. The final product was dispersed in hexanes.  
Synthesis of 10 nm Ni Nanoparticles.33 10 nm Ni nanoparticles were synthesized by the 
decomposition of nickel (II) acetylacetonate (Ni(acac)2). In a typical synthesis, nickel (II) 
acetylacetonate (0.513 g, 2.0 mmol) was dissolved in 10 mL of oleylamine and the reaction 
mixture was then heated to 130°C for 60 min as a water removal step. The solution was then 
heated to 220°C at which point trioctylphosphine (TOP) (1.4 mL, 3.1 mmol) and borane tert-
butylamine complex (BTB) (0.017 g, 0.2 mmol) dissolved in 1 mL of oleylamine were 
simultaneously injected. The resulting reaction mixture was maintained at this temperature 
(220°C) for 30 min after which the heat source was removed and the reaction cooled to room 
temperature. The precipitate was collected via centrifugation in ethanol at 8000 rpm for 10 min, 
re-dispersed in a hexanes/ethanol mixture, and centrifuged once again at 8000 rpm for 10 min. 
The final product was dispersed in hexanes. 
Synthesis of 10 nm CoFe Alloy Nanoparticles. 10 nm CoFe alloy nanoparticles were synthesized 
by the decomposition of iron (III) acetylacetonate (Fe(acac)3) and cobalt (II) acetylacetonate 
(Co(acac)2). In a typical synthesis, iron (III) acetylacetonate (0.141 g, 0.4 mmol) and cobalt (II) 
acetylacetonate (0.103 g, 0.4 mmol) were dissolved in 20 mL 1-octadecene (1-ODE) containing 
trioctylphosphine (TOP) (0.27 mL, 0.6 mmol). The reaction mixture was then heated for 30 min 
at 110°C as a water removal step, and heated to 150°C for the injection of borane tert-butylamine 
complex (BTB) (0.216 g, 2.5 mmol) dissolved in oleylamine (2 mL, 6.0 mmol). After the 
injection, the reaction was heated to 180°C, maintained at this temperature for 120 min, and 
cooled to room temperature. The precipitate was collected via centrifugation in a small amount 
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of ethanol and isopropanol at 8000 rpm for 10 min, re-dispersed in a 
hexanes/ethanol/isopropanol mixture, and centrifuged once again at 8000 rpm for 10 min. The 
final product was dispersed in hexanes. 
Synthesis of 10 nm CoNi Alloy Nanoparticles. 10 nm CoNi alloy nanoparticles were synthesized 
by the decomposition of cobalt (II) acetylacetonate (Co(acac)2) and nickel (II) acetylacetonate 
(Ni(acac)2). In a typical synthesis, cobalt (II) acetylacetonate (0.230 g, 0.9 mmol) and nickel (II) 
acetylacetonate (0.205 g, 0.8 mmol) were dissolved in 20 mL 1-octadecene (1-ODE). The 
reaction mixture was then heated for 30 min at 110°C as a water removal step, then heated to 
150°C at which point trioctylphosphine (TOP) (0.54 mL, 1.2 mmol) and borane tert-butylamine 
complex (BTB) (0.043 g, 0.5 mmol) dissolved in oleylamine (2 mL, 6.0 mmol) were 
simultaneously injected. After the injection, the reaction was heated to 180°C, maintained at this 
temperature for 60 min, and cooled to room temperature. The precipitate was collected via 
centrifugation in a small amount of ethanol and isopropanol at 8000 rpm for 10 min, re-dispersed 
in a hexanes/ethanol/isopropanol mixture, and centrifuged once again at 8000 rpm for 10 min. 
The final product was dispersed in hexanes. 
Synthesis of 10 nm FeNi2 Alloy Nanoparticles.
34 10 nm FeNi2 nanoparticles were synthesized by 
the decomposition of iron (III) acetylacetonate (Fe(acac)3) in the presence of 10 nm Ni seeds 
synthesized according the previously discussed method (insert citation). In a typical synthesis, 
iron (III) acetylacetonate (0.132 g, 0.375 mmol) and 50 mg of 10 nm Ni seeds were dissolved in 
oleylamine (17.5 mL, 53.2 mmol). The reaction mixture was then heated for 60 min at 130°C as 
a water removal step and then refluxed for 30 min at a higher temperature (300°C). The 
precipitate was collected via centrifugation in a hexanes/acetone mixture at 8000 rpm for 10 min, 
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re-dispersed in hexanes/acetone, and centrifuged once again at 8000 rpm for 10 min. The final 
product was dispersed in hexanes.  
4.2.2 Materials Characterization 
Transmission electron microscopy (TEM) images were acquired on a 120 kV, FEI Tecnai 
12 TWIN microscope. X-ray diffraction (XRD) patterns were collected on a PANalytical X’Pert3 
Powder X-Ray Diffractometer equipped with a Cu Kα radiation source (λ=0.15406). Energy 
dispersive x-ray spectroscopy (EDX) data were collected on a JEOL 6700F Scanning Electron 
Microscope (SEM) equipped with energy dispersive spectroscopy capabilities. Magnetic 
hysteresis loops were acquired on a MicroMag 2900 Series AGM.  
4.2.3 Electromagnetic Absorption Studies 
All composite wax/nanoparticle samples were prepared in 20 mL scintillation vials by 
dispersing the appropriate amounts of paraffin wax and nanoparticles in toluene to achieve 
nanoparticle volume fractions ranging from 15% to 40% and slowly evaporating the solvent to 
create a uniformly dispersed composite matrix. The resulting composites were then molded into 
a toroidal shape using a Teflon mold with an outer diameter of 6.98 mm, inner diameter of 3.03 
mm and thickness of 1 mm and fitted to a Keysight 85051B 7 mm airline for the microwave 
measurements. The complex permittivity and permeability of the composite samples were 
measured using a Keysight FieldFox N9918A Microwave Analyzer in the 2 – 18 GHz region and 
the reflection loss was calculated used the measured permittivity and permeability.  
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4.3 DISCUSSION AND RESULTS 
4.3.1 Materials Characterization  
Magnetic nanoparticles (Co, Fe, Ni, CoFe, CoNi, FeNi2) of size ~10 nm are shown in 
transmission electron microscopy (TEM) images in Figure 4.1(a). All synthesized nanoparticles 
show a sphere-like morphology. Through size distribution analysis, mean diameters have been 
determined to be 11.44 nm (Co), 11.76 nm (Fe), 10.54 nm (Ni), 11.71 nm (FeCo), 10.31 nm 
(CoNi), and 11.52 nm (FeNi2). Size distribution profiles are shown in Figure 4.2. The FeCo and 
CoNi nanoparticles were synthesized in a 1:1 ratio and the FeNi2 nanoparticles in a 1:2 ratio, as 
determined by energy dispersive x-ray spectroscopy (EDX). The FeNi2 nanoparticles were 
synthesized in a 1:2 ratio rather than a 1:1 ratio due to instability of the Fe-Ni binary system as 
the atomic percent of Fe increases above 35%.34 The EDX results are summarized in Table 4.1 
below: 
 
Table 4.1. EDX data for alloyed nanoparticles. 







Co 100 - 100 - - 
Fe 100 - 100 - - 
Ni 100 - 100 - - 
CoFe 50.35 49.65 49 51 1:1 
CoNi 46 54 47 53 1:1 
FeNi 34.60 65.40 35.74 64.26 1:2 
 
 Figure 4.1(b) presents the typical x-ray diffraction (XRD) pattern for the metal and metal alloy 
products. The measured patterns for Co, Fe, CoFe, and CoNi display no defined peaks, 
indicating a small layer of amorphous oxide on the surface of the nanoparticles. This is expected 
as the nanoparticles will quickly oxidize upon exposure to air during the collection process after 
synthesis. For Ni and FeNi, all of the peaks align with the expected patterns as confirmed by 
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their agreement with JCPDS No. 00-004-0850 (Ni) and No. 00-038-0419 (FeNi2). The pattern 
for Ni displays no other peaks, indicating high purity of the Ni nanoparticle product. The pattern 
for FeNi2 displays extremely small peaks at 35.6°, 57.7°, and 63.2° which could indicate the 
presence of a minute amount of impurities such as iron oxide or nickel oxide. Figure 4.1(c) 
displays the magnetic hysteresis loops of all the as-synthesized metal ferrite nanoparticles. The 
saturation magnetization values (Ms) vary from sample to sample and were determined by 
assuming M(H) = Ms + XdH (Xd being the high field susceptibility) at high field and extrapolating 
the M(H) curve to zero field (i.e. H = 0).35,36 Ms values were found to be 1.76 (Fe), 18.004 (Co), 
14.259 (Ni), 0.440 (CoFe), 4.149 (CoNi), and 9.270 (FeNi2) emu g
-1. All of these values are 
much lower than that of the corresponding bulk metals and metal alloys, which is expected due 
to the nanoscale size of the materials as established in previous literature.37 It is peculiar that the 
Co and CoFe nanoparticles display a paramagnetic nature with such low values for Ms since it 
was expected that these particles would display a superparamagnetic nature. The paramagnetic 
nature that is observed could be reconciled by assuming that the particles may have completely 
oxidized into an amorphous phase during the shipment process, as the particles had to be shipped 
to a collaborator for the magnetic hysteresis to be recorded. To be safe, the saturation 
magnetization of these particles should be double checked in a manner that ensures there is no 
oxidation. The other four samples (Co, Ni, CoNi, and FeNi2) display a superparamagnetic nature 
as expected. The hysteresis curves reveal coercivities of 41.15 (Fe), 16.07 (Co), 0.39 (Ni), 41.70 
(CoFe), 1.39 (CoNi), and 474.24 (FeNi2) Oe. It is worthy to note that the smaller size 
nanoparticles in this study exhibit coercivities that are much lower than that of bulk materials, 
again due to the nanoscale size of the materials. This could be due to special morphology-related 
shape anisotropy when considering the sub-domain size of these nanoparticles.38 All measured 
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particles besides FeNi2 display superparamagnetic coercivity values as expected. The FeNi2 





Figure 4.1. (a) TEM images, (b) XRD patterns and (c) hysteresis loops of ~10 nm alloyed 





Figure 4.2. Size distribution profiles for 10-12 nm (a) Co, (b) Fe, (c) Ni, (d) FeCo, (e) CoNi, and 





4.3.2 Discussion of Electromagnetic Measurements  
Figure 4.3 shows a typical data output using 10 nm Fe nanoparticles at a 40 vol% 
loading. Figure 4.3(a) shows the reflection loss (RL) data for varying thicknesses (1 mm – 6 mm) 
of 10 nm Fe/paraffin wax composites at a 40 vol% nanoparticle loading. The relationship 
between the reflection loss of the Fe/paraffin wax composite and frequency is calculated as 
follows: 
    (1) 
           (2) 
where εr and μr are the relative complex permittivity and permeability of the wax composite, c is 
the speed of light, f is the frequency and d is the thickness of the absorbing material. As shown in 
Figure 4.3(a), RL absorption peaks for 10 nm Fe at a 40 vol% loading across all thickness on a 
0.5 mm interval from 1 mm to 6 mm can be seen with a local maximum absorption of -28.89 dB 
at 4.33 GHz corresponding to a 6 mm thickness. Figure 4.3(b) shows the real and imaginary 
portions of the complex permittivity and permeability across the frequency range from 2 GHz – 
18 GHz for 10 nm Fe nanoparticles at a 40 vol% loading. In general, the values of both the real 
(εʹ, μʹ) and imaginary (εʺ, μʺ) portions of the complex permittivity and permeability gradually 
decrease with increasing frequency. For both imaginary portions, εʺ and μʺ, a much sharper 
decrease can be seen early on in the frequency range, from 2 GHz < f < 4 GHz. Negative values 




Figure 4.3 (a) Reflection loss for varying thicknesses (1 mm – 6 mm) of 10 nm Fe/paraffin wax 
composites at 40 vol% nanoparticle loading. (b) Complex permittivity and permeability values 
for 40 vol% 10 nm Fe3O4/paraffin wax composites at a 1 mm thickness.  
 
Figures 4.4, 4.5, and 4.6 show the raw reflection loss (RL) data for all loadings of 
magnetic metal and metal alloys across all nanoparticle loadings (15, 30, and 40 vol%).  The 
previous discussion concerning Figure 4.3 can be applied to any specific size and loading in 
Figures 4.4, 4.5, and 4.6. 
 
 










Figure 4.6. Raw RL Data for Alloyed Nanoparticles at 40 vol% Loading. 
 
 
Once again, it is necessary to discern the primary mechanism (magnetic or dielectric) for 
electromagnetic wave absorption displayed by the alloyed nanoparticles in this study. Figures 4.7 




Figure 4.7. The magnetic loss tangent, tan(μʺ/μʹ), for 10 nm Co, Fe, Ni, CoFe, CoNi, and FeNi2 
nanoparticles. 
 




As demonstrated in the Figures 4.7 and 4.8, the values of the magnetic loss tangents are much 
larger than the dielectric loss tangents across the entire frequency range for all nanoparticles 
studied, indicating that the absorption mechanism is predominantly controlled by the magnetic 
properties, rather than the dielectric properties.  
 
4.3.3 Nanoparticle Loading Dependence Effects on Electromagnetic Wave Absorption 
The effects of loading dependence on the materials properties and reflection loss data of 
the system were measured at varying loadings of 15, 30 and 40 vol% for all metal (Co, Fe, Ni) 
and metal alloy (CoFe, CoNi, FeNi) nanoparticle samples and the data analyzed for trends. 
Figure 4.9 shows the effect of nanoparticle loading on the intensity of electromagnetic wave 
absorption (Figure 4.9(a)), the complex permittivity, and the complex permeability (Figure 
4.9(b)) of 10 nm Co nanoparticles in a toroid of 4 mm thickness. In agreement with previous 
studies and the data presented in Chapters 2 and 3 of this dissertation, it is shown that as 
nanoparticle loading increases, εʹ, εʺ, μʹ and μʺ all increase as well.39,40 The reasoning behind this 
phenomena is explained by the fact that as the loading of the sample increases, the overall 
volume of nanoparticles increases as well, thus increasing the effective permittivity and 
permeability of the material. Holding true to this, it is observed that as the nanoparticle loading is 
increased, the complex permittivity and permeability increase as well, thus increasing the 




Figure 4.9. (a) Reflection loss for varying nanoparticle loadings (15, 30, and 40 vol%) of 10 nm 
Co/paraffin wax composites at a 4 mm thickness. (b) Visualization of the effect of loading on the 
real and imaginary portions of the permittivity and permeability of 10 nm Co nanoparticles.  
 
Figures 4.10 – 4.14 show the effect of loading on the reflection loss (RL) data for 10 nm 
Fe, Ni, CoFe, CoNi, and FeNi2 across all nanoparticle loadings (15, 30, and 40 vol%), 
respectively.  The previous discussion concerning the 10 nm Co can be applied to any specific 
size and loading as demonstrated in Figures 4.10 – 4.14.  
 
Figure 4.10. (a) Reflection loss for varying nanoparticle loadings (15, 30, and 40 vol%) of 10 
nm Fe/paraffin wax composites at a 4 mm thickness. (b) Visualization of the effect of loading on 





Figure 4.11. (a) Reflection loss for varying nanoparticle loadings (15, 30, and 40 vol%) of 10 
nm Ni/paraffin wax composites at a 4 mm thickness. (b) Visualization of the effect of loading on 





Figure 4.12. (a) Reflection loss for varying nanoparticle loadings (15, 30, and 40 vol%) of 10 
nm CoFe/paraffin wax composites at a 4 mm thickness. (b) Visualization of the effect of loading 








Figure 4.13. (a) Reflection loss for varying nanoparticle loadings (15, 30, and 40 vol%) of 10 
nm CoNi/paraffin wax composites at a 4 mm thickness. (b) Visualization of the effect of loading 






Figure 4.14. (a) Reflection loss for varying nanoparticle loadings (15, 30, and 40 vol%) of 10 
nm FeNi/paraffin wax composites at a 4 mm thickness. (b) Visualization of the effect of loading 





4.3.4 Alloying Dependence Effects on Electromagnetic Wave Absorption 
To determine the effect of alloying on the maximum absorption frequencies of the 
metal/metal alloy systems, all metal and metal alloy nanoparticles were measured at varying 
loadings of 15, 30 and 40 vol% and the data compared, holding the loading percentage constant. 
Figure 4.15 (a) and (c) display the effect of alloying on the RL peak resonant frequency for all 
studied metal and metal alloy nanoparticle series at a 4 mm toroid thickness, with a 30 vol% 





Figure 4.15. (a) Illustration of the effect of alloying on the reflection loss resonant frequency for 
samples of 4 mm thickness and 30 vol% loading. (b) Illustration of the effect of ferrite type on 
the real and imaginary portions of the permittivity and permeability of alloyed nanoparticles at 
30 vol% loading. (c) Illustration of the effect of alloying on the reflection loss resonant 
frequency for samples of 4 mm thickness and 40 vol% loading. (d) Illustration of the effect of 
alloying on the real and imaginary portions of the permittivity and permeability of alloyed 
nanoparticles at 40 vol% loading. 
 
As shown in Figure 4.15 (a) and (c), the trend for RL resonant electromagnetic wave 
absorption frequency, listed in order of increasing resonant frequency, is as follows:  Fe < Co < 
Ni < FeNi2 ≈ CoNi < CoFe. The results of the specific peak positions for 4 mm thick 








Fe  Co Ni CoFe CoNi FeNi2 
15 vol% 8.51 GHz 7.44 GHz 11.33 GHz 10.91 GHz 11.60 GHz 12.05 GHz 
30 vol% 6.77 GHz 7.80 GHz 10.21 GHz 12.79 GHz 11.53 GHz 11.60 GHz 
40 vol% 6.92 GHz 7.95 GHz 9.54 GHz 12.18 GHz 11.53 GHz 11.02 GHz 
 
Specifically, taking the 40 vol% loading data into consideration, we see the resonance peaks at 
6.92 GHz for Fe, 7.95 GHz for Co, 9.54 GHz for Ni, 11.02 GHz for FeNi2, 11.53 GHz for CoNi, 
and 12.18 GHz for CoFe. CoNi and FeNi2 have been described as roughly equal to each other as 
the maximum absorption frequencies for these materials fall within ~0.5 GHz of one another 
across all loadings, and the ordering of the positioning of the maximum absorption frequencies 
varies slightly.  
The previously described trend, again listed in order of increasing resonant frequency,  :  
Fe < Co < Ni < FeNi2 ≈ CoNi < CoFe, holds true for all loading percentages aside from two 
slight deviations in the 15 vol% dataset, where the Co and CoFe nanoparticles are out of 
position. In fact, Co displays lowest maximum absorption frequency in the 15 vol% dataset 
(second lowest in the 30 vol% and 40 vol% datasets) while CoFe displays the third lowest 
maximum absorption frequency (highest in the 30 vol% and 40 vol% datasets) with values of 
7.44 GHz and 10.91 GHz, respectively. These deviations from the trend are difficult to explain, 
but could be due to varying degrees of aggregation of particles during the sample preparation 
stage, resulting in an altered effective size and thus, a different maximum absorption frequency. 
It is tough to gauge the degree of aggregation in the paraffin wax composites as most x-ray or 
electron beam imaging techniques will melt the wax, causing damage to instruments. An 
appropriate imaging technique for this purpose has not yet been thought of. The relationship 
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between the size of a particle and absorption frequency has been discussed in Chapters 2 and 3, 
as well as a prior publication.40   
Similarly, to determine the effect of alloying on the intensity of electromagnetic 
absorption for the metal/metal alloy systems, all metal and metal alloy nanoparticles were 
measured at varying loadings of 15, 30 and 40 vol% and the data compared, holding the loading 
percentage constant. Figure 4.15 (a) and 4 (c) display the effect of alloying on the intensity of 
electromagnetic absorption for all studied metal and metal alloy nanoparticle series at a 4 mm 
toroid thickness, with a 30 vol% loading and 40 vol% loading, respectively. As shown in Figure 
4.15 (a) and (c), the trend for RL resonant electromagnetic wave absorption intensity, listed in 
order of increasing intensity of electromagnetic wave absorption, is as follows:  CoNi ≈ CoFe ≈ 
FeNi2 ≈ Ni < Co < Fe. The results of the specific peak intensities for 4 mm thick 
wax/nanoparticle composite toroids across all loadings are summarized in Table 4.3 below: 




Fe  Co Ni CoFe CoNi FeNi2 
15 vol% -9.26 dB -6.54 dB -3.00 dB -1.68 dB -3.12 dB -3.06 dB 
30 vol% -16.94 dB -10.74 dB -5.33 dB -3.07 dB -2.12 dB -2.72 dB 
40 vol% -16.35 dB -16.38 dB -4.61 dB -4.85 dB -2.22 dB 3.54 dB 
 
Taking the 30 vol% loading data into consideration, we see maximum electromagnetic 
absorption intensities of -16.94 dB for Fe, -10.74 dB for Co, -5.33 dB for Ni,  -3.07 dB for CoFe, 
-2.72 dB for FeNi2, and -2.12 dB for CoNi. Across all measured loadings, the Co and Fe 
nanoparticles are by far the most effective electromagnetic absorbers. There are no apparent 
trends amongst Ni, CoFe, CoNi, and FeNi2, aside from all four displaying ineffective absorption 
intensities of below -6 dB across all loadings. In fact, the highest absorption intensity amongst 
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the four, -5.44 dB at a 30 vol% loading of Ni, is still less effective than the lowest observed 
absorption intensity for either Co or Fe: -6.54 dB at a 15 vol% loading of Co nanoparticles.  
Figures 4.15 (b) and 4 (d) display the effect of alloying on the real and imaginary 
portions of the permittivity and permeability for all measured ferrite nanoparticles at a 1 mm 
toroid thickness, with a 30 vol% loading and 40 vol% loading, respectively. The trends can be 
seen in each plot in Figures 4.15 (b) and (d), but the generalized trends are summarized in Table 
4.4 below:  
Table 4.4. Ferrite-Based Nanoparticle Trends in Complex Permittivity and Permeability. 
Material Property Trend 
Real Permittivity 
(εʹ) 
Fe > Co> Ni > FeNi2 ≈ CoNi ≈ CoFe 
Imaginary 
Permittivity (εʺ) 










Fe > Co > Ni > FeNi2 ≈ CoNi ≈ CoFe 
 
Figure 4.16 (a) displays the effect of doping on the RL peak intensity and resonant frequency and 
Figure 4.16 (b) displays the effect of alloying on the real and imaginary portions of the 
permittivity and permeability for 10 nm magnetic metal and metal alloy nanoparticles at a 4 mm 
toroid thickness, with a 15 vol% loading. The previous discussion on alloying effects can be 




Figure 4.16. (a) Illustration of the effect of alloying on the reflection loss resonant frequency for 
samples of 4 mm thickness and 15 vol% loading. (b) Illustration of the effect of ferrite type on 
the real and imaginary portions of the permittivity and permeability of alloyed nanoparticles at 
15 vol% loading.  
 
 
Explaining the apparent trends (or lack thereof) in the real and imaginary permittivity and 
permeability of nanoscale metals and metal alloys is a topic that has received little attention. In 
previous reports and in Chapters 2 and 3, we have detailed the conceptual understanding of the 
complex permittivity and permeability.40,41 Briefly, the real permittivity is thought of as the 
ability of a material to store electrical energy in an electrical field and the imaginary permittivity 
is the dielectric loss of the material, dependent on conductivity. The real permeability is defined 
as the ability of a material to align its magnetic moment to an external magnetic field and the 
imaginary permeability is the measure of the rotation of a material around its easy axis. Our data 
shows the following trend for the complex permittivity and the reflection loss frequency: Fe > 
Co > Ni > FeNi2 ≈ CoNi ≈ CoFe. Similar to our previous study regarding the radar absorption 
properties of a series of ferrites, we can see from the trends described above that this result 
strongly indicates that the dielectric properties of metals and metal alloys have more influence of 
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their electromagnetic absorption behavior than the magnetic properties do.41 This conclusion is 
further supported in literature as it has been previously reported that an increase in imaginary 
permittivity, εʺ, causes a decrease in absorption frequency.42  
 The same discussion from our previous studies in Chapters 2 and 3 apply when looking at 
the influence of the magnetic properties on the electromagnetic absorption behavior of the metals 
and metal alloys under study. According to our previous study concerning the effect of 
nanoparticle size on electromagnetic absorption behavior, we have determined that as the size of 
a nanoparticle increases, the imaginary permeability increases, and thus the frequency of 
absorption is shifted to lower values. This trend is explained through the Landau-Lifshitz-Gilbert 
equation (LLG) as discussed in our previous work.40 In the current study, all of the nanoparticles 
have a very similar size of ~ 10 nm. With no definitive changes in the size of the particles under 
study, it makes sense that we may not see a large variation in the value of the imaginary 
permeability, and in turn, a weak influence on the electromagnetic absorption behavior. This 
phenomenon can be seen visually from Figure 4.15(b) and 4.15(d) when taking into account that 
the magnitude of the difference from the highest to lowest imaginary permeability (~0.5) is much 
less than that of the real or imaginary permittivity (~6.0 and ~1.5, respectively). Since there is 
not a large variation in the imaginary permeability of the nanomaterials under study, it follows 
that we would not see a large influence from the magnetic properties on the absorption 
frequencies, while the dielectrics dominate this behavior due to the large variation among 
samples.  
 As previously stated and discussed in Chapters 2 and 3, the real permeability is 
dependent upon the crystallinity of each sample rather than the magnetization or size of the 
material.40 Again, as all of the samples under study are of the same size it follows that their 
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crystal sizes are very similar as well. This explains the lack of an apparent trend amongst the 
varying ferrites in this study. Mathematically, the explanation for this lack of trend can be seen 
by looking at the real permeability caused by the Néel relaxation of a material in the 
superparamagnetic state43: 
     (3) 
where Vp is the volume of the nanoparticle, M0 is the saturation magnetization, kB is the 
Boltzmann constant and T is the temperature. Since  will be an extremely small number 
(VpM0
2 << 3KBT and  << 1), any change in volume will have a negligent effect on μʹ. 
 
4.3.5 Theoretical Model for the Calculation of the Effective Permeability  
The effective permeability has been modeled following procedures established by R.F. 
Soohoo and described by Wu et al. in a previous report.21,44 This was discussed in detail in 
Chapter 2. As previously stated, the resulting calculated μeff from this procedure is valid for 
single domain particles. The critical size for common materials has been reported to be well over 
the studied particle size of 10 nm, indicating that all particles in this study can be modeled using 
this approach.45 
Figure 4.17 shows the agreement between the measured and simulated effective complex 
permeability for 10 nm Fe nanoparticles at a (a) 15 vol%, (b) 30 vol%, and (c) 40 vol% loading. 
The agreement between the experimental and simulated values is acceptable, indicating that the 
magnetic nanoparticle/wax composites behave according to standard mixing theories. The 
experimental and simulated curves have roughly the same curve shape, however are slightly off 
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Figure 4.17. Calculated real part, μʹ, and imaginary part, μʺ, of the complex effective 
permeability for 10 nm Fe nanoparticles at volume fractions of (a) 15 vol%, (b) 30 vol%, and (c) 




Simulation results for all other sizes and loadings of alloyed nanoparticles are shown in 





Figure 4.18. Calculated real part, μʹ, and imaginary part, μʺ, of the complex effective 
permeability for 10 nm Co nanoparticles at volume fractions of (a) 15 vol%, (b) 30 vol%, and (c) 







Figure 4.19. Calculated real part, μʹ, and imaginary part, μʺ, of the complex effective 
permeability for 10 nm Ni nanoparticles at volume fractions of (a) 15 vol%, (b) 30 vol%, and (c) 





Figure 4.20. Calculated real part, μʹ, and imaginary part, μʺ, of the complex effective 
permeability for 10 nm CoFe nanoparticles at volume fractions of (a) 15 vol%, (b) 30 vol%, and 





Figure 4.21. Calculated real part, μʹ, and imaginary part, μʺ, of the complex effective 
permeability for 10 nm CoNi nanoparticles at volume fractions of (a) 15 vol%, (b) 30 vol%, and 





Figure 4.22. Calculated real part, μʹ, and imaginary part, μʺ, of the complex effective 
permeability for 10 nm FeNi2 nanoparticles at volume fractions of (a) 15 vol%, (b) 30 vol%, and 




In conclusion, new and existing methods for the synthesis of Co, Fe, Ni, CoFe, CoNi, and 
FeNi2 nanoparticles via organic solution synthesis and thermal decomposition of the 
corresponding metal acetylacetonates have been implemented to produce nanoparticles of size 10 
nm. The dielectric, magnetic and microwave absorption properties of the series of ferrites have 
been carefully investigated. Our analysis has revealed that alloys of such small sizes are weak 
microwave absorbers in the frequency range from 2 – 18 GHz. In general, the magnetic 
hysteresis of the particles studied displays a superparamagnetic nature aside from a few 
exceptions that may need to be re-measured. In addition, the data gives reason to believe that the 
microwave absorption properties of these magnetic metals and their alloys are largely governed 
by the dielectric behavior of the material rather than the magnetic behavior. This study should be 
considered with the aim of developing a library of the microwave absorption behavior of 
common magnetic nanomaterials in order to increase the available fundamental knowledge of 
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Chapter 5. An Investigation of Radar Absorbing Wood 
5.1 INRODUCTION 
Electromagnetic wave absorbers are ever present in everyday life in various military and 
civil applications such as stealth technology and electromagnetic interference.1 In 
military/defense applications, electromagnetic wave absorbers are used to coat planes, 
submarines, or other vessels to improve stealth capabilities and reduce their radar cross section 
(RCS).2–4 In the modern age of portable technology, electromagnetic absorbers are used in 
almost all forms of handheld technology including smart phones, mobile PCs, and mp3 players 
in order to protect humans from potential health risks posed by exposure to electromagnetic 
radiation.5–7  
With the widespread use of electromagnetic wave absorbers in mind, it is an interesting 
question to investigate everyday materials and see if they can be made into radar absorbers. 
While this question is more exploratory in nature, rather than pointedly scientific, it could 
nonetheless hold great importance as technology advances and could address concerns we do not 
yet know exist. For example, creating a radar absorbing wood could allow for the construction of 
signal-proof buildings and/or houses without the need for a Faraday cage, which could allow for 
more privacy while within these buildings as cell phones could not be reached. Of military 
interest, this same concept could be applied to create safe rooms for defense related meetings of 
high importance. In most cases, using wood as a radar absorbing building material may be more 
cost effective and simpler than building a Faraday cage. 
In Chapters 2, 3, and 4 we discussed various types of magnetic electromagnetic wave 
absorbers and the influences of size, doping, and alloying on electromagnetic wave absorption 
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behavior in an effort to further the fundamental understanding of the mechanism by which 
electromagnetic wave absorbers work. In Chapter 5, we aim to take these findings one step 
further and apply an electromagnetic wave absorber to natural basswood as a host matrix in order 
to determine if the same phenomenon are observed when an electromagnetic wave absorber is 
embedded in a host matrix. The work presented in this chapter was largely inspired by the 
widespread research concerning wood as a vehicle for various chemical processes conducted in 




5.2 EXPERIMENTAL METHODS 
Chemicals. All materials (metal precursors, organic solvents, ligands, crosslinking 
agents) were purchased from Sigma Aldrich. All chemicals were used as received.  
 Synthesis Design. All nanoparticles were synthesized under inert argon gas in a standard 
Schlenk line setup, unless otherwise specified. All synthesis procedures were adapted and 
modified from previous reports.  
Wood Design. Natural basswood with aligned pores was provided courtesy of Dr. 
Liangbing Hu at University of Maryland, College Park. The basswood was supplied in 
dimensions of 2ʺ x 2ʺ x 7 mm (L x W x H) and was used as received.8,9 The pores of the wood 
were oriented axially along the thickness of the wood (i.e. along the 7 mm edge). House vacuum 
was used as a suction source, coupled with standard vacuum tubing of 7 mm diameter.  
5.2.1 Synthesis of Fe3O4 Nanoparticles 
Synthesis of 10 nm Fe3O4 Nanoparticles.
3 10 nm Fe3O4 nanoparticles were synthesized 
by the decomposition of iron (III) acetylacetonate (Fe(acac)3). In a typical synthesis, iron (III) 
acetylacetonate (0.706 g, 2.0 mmol) was dissolved in 10 mL benzyl ether (BE) and 10 mL 
oleylamine, heated for 60 min at 110°C to promote decomposition of the Fe, and then refluxed 
for 30 min at a higher temperature (300°C). The precipitate was collected by centrifugation at 
8000 rpm for 10 min, re-dispersed in ethanol, and centrifuged once again at 8000 rpm for 10 
min. The final product was re-dispersed in hexanes and stabilized with 2-3 drops of oleylamine.  
Machining of the Pore-aligned Basswood. A wooden toroid of length 7 mm, inner 
diameter 3 mm, and outer diameter 7 mm was cut from a piece of pore-aligned basswood using a 
drill press. A diamond hole saw of diameter 7 mm was used to cut the outer diameter, and a steel 
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drill bit of diameter 3 mm was then used to cut the center hole. The final toroid resembled an 
elongated donut shape and was gently sanded to remove any contamination from the cutting 
process.  
Impregnation of the Basswood Toroid. The pre-cut basswood toroid was placed into an 
oven at 105°C for 24 hours as an initial dehydration step in order to remove all water sources 
from inside the pores of the wood. Immediately after the dehydration step, the toroid was 
weighed and the weight recorded. The toroid was then fit into vacuum tubing of 7 mm diameter 
and the center hole plugged with a copper rod of 3 mm diameter. This set up was chosen to 
maximize the suction power of the vacuum and ensure a tight seal around the wood. At this 
point, the vacuum was turned on and 1 mL of a 20 mg/mL hexanes solution of 10 nm Fe3O4 
nanoparticles was drop cast on top of the wood using a 200 μL pipette. After 1 mL of the Fe3O4 
solution was added to the wood, the vacuum was turned off, the wood removed from the vacuum 
tubing, flipped over, and reinserted into the tubing so the other face of the wood toroid was 
exposed. The 3 mm copper rod was once again fit into the center of the toroid and the vacuum 
turned on. The previous drop casting step was repeated on the second face of the wood toroid, 
resulting in a total of 2 mL of a 20 mg/mL hexanes solution of 10 nm Fe3O4 nanoparticles added. 
Both faces of the toroid were treated in an effort to obtain a uniform distribution of the particles 
in the pores. After the drop casting was complete, the vacuum was turned off, the wood removed 
from the vacuum tubing, and the center copper rod taken out. The wood then was placed in an 
oven at 70°C overnight (~12 hours) to remove any leftover hexanes. At the conclusion of the 12 
hours, the wood was re-weighed and the difference was assumed to be the amount of 




5.2.2 Materials Characterization 
Transmission electron microscopy (TEM) images were acquired on a 120 kV, FEI Tecnai 
12 TWIN microscope. X-ray diffraction (XRD) patterns were collected on a PANalytical X’Pert3 
Powder X-Ray Diffractometer equipped with a Cu Kα radiation source (λ=0.15406). Magnetic 
hysteresis loops were acquired on a MicroMag 2900 Series AGM. Small angle X-ray scattering 
(SAXS) data was collected by a colleague of Dr. Robert Leheny, professor from the Johns 
Hopkins University Physics & Astronomy Department.  
5.2.3 Electromagnetic Absorption Studies 
The machined wood toroids with an outer diameter of 7 mm, inner diameter of 3 mm and 
thickness of 7 mm were inserted into an Keysight 85051B 7 mm airline for the microwave 
measurements. The complex permittivity and permeability of the composite samples were 
measured using a Keysight FieldFox N9918A Microwave Analyzer in the 2 – 18 GHz region and 
the reflection loss was calculated using the measured permittivity and permeability.  
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5.3 DISCUSSION AND RESULTS 
5.3.1 Materials Characterization 
 Synthesis of 10 nm Fe3O4 Nanoparticles. Transmission electron microscopy (TEM) 
images for the synthesized 10 nm Fe3O4 nanoparticles are shown in Figure 5.1(a). The particles 
display a sphere-like morphology and were determined to have a mean diameter of 9.19 nm 
through size distribution analysis. The size distribution profile is shown in Figure 5.1(b). Figure 
5.1(c) presents the typical x-ray diffraction pattern for a cubic magnetite structure as confirmed 
by the perfect agreement with JCPDS No. 00-09-0629. No other diffraction peaks besides those 
corresponding to Fe3O4 were observed, which indicates high purity of our as-synthesized 
products. Figure 5.1(d) displays the magnetic hysteresis loops of the 10 nm Fe3O4 nanoparticles. 
The saturation magnetization values (Ms) vary from sample to sample and were determined by 
assuming M(H) = Ms + XdH (Xd being the high field susceptibility) at high field and extrapolating 
the M(H) curve to zero field (i.e. H = 0).11,12 The Ms was found to be 33.57 emu/g and the Hc to 
be 5.5 Oe. Both of these values are much lower than that of bulk Fe3O4 (Ms = 85 – 100 emu g
-1, 
Hc = 115 – 150 Oe), which is expected according to established values for saturation 
magnetization and coercivity from a previous report.13 As mentioned in Chapter 2, these results 





Figure 5.1. (a) TEM image, (b) size distribution analysis, (c) XRD pattern, and (d) hysteresis 
loops for the synthesized 10 nm Fe3O4 nanoparticles.   
 
 Natural Basswood Impregnated with 10 nm Fe3O4. Scanning electron microscopy 
(SEM) images for the impregnated 10 nm Fe3O4 nanoparticles are shown in Figure 5.2(a). The 
individual nanoparticles are unable to be seen via SEM due to their extremely small size, 
however the physical structure of the wood is largely visible with pore sizes ranging from a few 
microns to ~ 100 μm. Figure 5.2(b) presents the x-ray diffraction pattern for the Fe3O4 
impregnated wood, indicating the presence of cubic magnetite nanoparticles as confirmed by the 
agreement with JCPDS No. 00-09-0629. The diffraction peaks in the nanoparticle impregnated 
wood are shifted up 1 – 2° as a result of the positioning of the wood cross section within the x-
ray diffractometer. Nonetheless, no other diffraction peaks besides those corresponding to Fe3O4 
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were observed, which indicates high purity of our as-synthesized products. Magnetic hysteresis 
loops of the 10 nm Fe3O4 nanoparticle impregnated wood were not measured, but it is expected 
that the wood samples would display similar behavior as the pure 10 nm Fe3O4. Small angle X-
ray scattering (SAXS) was conducted to gain a better understanding of the nanoscale features of, 
and to determine the degree of aggregation in the Fe3O4/wood composites used in the 
electromagnetic studies. Figure 5.3 displays SAXS diffraction patterns for both cross-sectional 
and surface segments of the 10 nm Fe3O4 impregnated basswood. Very little was able to be 
determined from the diffraction patterns and an expert at the X-ray facility described the 
scattering as without any real structure factor.  
 
 
Figure 5.2. (a) Axial and (b) crossectional SEM images of the 10 nm Fe3O4 impregnated 





Figure 5.3. (a) – (d) SAXS diffraction patterns for cross-sectional and surface segments of the 
Fe3O4 impregnated wood.   
 
Nanoparticle Impregnation Protocol Development Process. Throughout the impregnation 
protocol development process, a variety of impregnation methods were tested in order to ensure 
that the nanoparticles were actually entering and remaining in the pores of the wood rather than 
simply coating the surface. As described in Section 5.2 of this chapter and shown in Figure 
5.4(a), the end result of this protocol development process involved the pre-impregnation 
machining of a wooden toroid of length 7 mm, inner diameter 3 mm, and outer diameter 7 mm, 
cut from a piece of pore-aligned basswood using a drill press. As previously stated, a diamond 
hole saw of diameter 7 mm was used to cut the outer diameter, and a steel drill bit of diameter 3 
mm was then used to cut the center hole. The final toroid resembled an elongated donut shape 
and was then gently sanded to remove any contamination from the cutting process.  
Figure 5.4(b) shows the experimental set up for the drop casting impregnation 
experiments. The wooden toroid was fit into a section of vacuum tubing of 7 mm in diameter and 
the center hole plugged with a copper rod of 3 mm diameter, in order to maximize the suction 
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power of the vacuum and ensure a tight seal around the wood. The Fe3O4 nanoparticle solution 
was then drop casted over the surface of the wood. At the conclusion of the impregnation 
process, the wood was removed from the vacuum tubing and visually inspected. As shown in 
Figure 5.4(c) both faces of the wood toroid were stained black from the 10 nm Fe3O4 
impregnation process, while the sides of the toroid remained a natural wood color. This indicates 




Figure 5.4. (a) The pre-machined, untreated wooden toroids. (b) The vacuum impregnation 
experimental setup. (c) 10 nm Fe3O4 impregnated basswood.  
 
Figure 5.5 further supports this claim by demonstrating the magnetization of the impregnated 
wood toroid when compared to an untreated sample of the wood. As shown, in the presence of 
an NdFeB magnet, the impregnated wood toroid will react to the external magnetic field and can 
be lifted off of the benchtop surface through magnetic attraction forces, while the untreated wood 





Figure 5.5. Screenshots of a GIF displaying the magnetization of the 10 nm Fe3O4 impregnated 
basswood. As shown, upon exposure to an NdFeB magnet, the treated wooden toroid responds to 
the magnetic attraction and is lifted off of the benchtop, while the untreated toroid remains 
unaffected.  
 
5.3.2 Discussion of Electromagnetic Measurements 
Figure 5.6 shows the data output using the 10 nm Fe3O4 nanoparticle impregnated 
basswood at a 2.55 vol% loading as an example. Figure 5.6(a) shows the reflection loss (RL) 
data for varying thicknesses (1 mm – 7 mm) of 10 nm Fe3O4 impregnated basswood 2.55 vol% 
nanoparticle loading. The relationship between the reflection loss of the Fe3O4 impregnated wood 
and frequency is calculated as follows: 
    (1) 
           (2) 
where εr and μr are the relative complex permittivity and permeability of the wax composite, c is 
the speed of light, f is the frequency and d is the thickness of the absorbing material. As shown in 
Figure 5.6(a), RL absorption peaks for 10 nm Fe3O4 impregnated basswood at a 2.55 vol% 
loading across all thickness on a 0.5 mm interval from 1 mm to 7 mm can be seen with a local 
maximum absorption of -1.23 dB at 9.07 GHz corresponding to a 7 mm thickness. It can be seen 
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that more intense electromagnetic wave absorption occurs at frequencies higher than our 
measureable range as the absorption reaches an absolute maximum of -1.78 dB at 18 GHz, once 
again corresponding to a 7 mm thickness. It is common for samples of increased thickness to 
display high intensity RL behavior at higher frequencies, however these curves are unable to be 
seen in the measureable frequency range of our network analyzer. Given an instrument with a 
more capable frequency range, these curves would be seen at frequencies of greater than 18 
GHz. Figure 5.6(b) shows the real and imaginary portions of the complex permittivity and 
permeability across the frequency range from 2 GHz – 18 GHz for 10 nm Fe3O4 nanoparticle 
impregnated basswood at a 2.55 vol% loading. In general, the values of both the real (εʹ, μʹ) and 
imaginary (εʺ, μʺ) portions of the complex permittivity and permeability gradually decrease with 
increasing frequency. For both imaginary portions, εʺ and μʺ, a much sharper decrease can be 
seen early on in the frequency range, from 2 GHz < f < 4 GHz. Negative values in both εʺ and μʺ 







Figure 5.6. (a) Reflection loss for varying thicknesses (1 mm – 7 mm) of 10 nm Fe3O4 
impregnated basswood at a 2.55 vol% loading. (b) Complex permittivity and permeability values 
for 10 nm Fe3O4 impregnated basswood at a 7 mm thickness and 2.55 vol% loading.  
 
 
Figure 5.7 shows the raw reflection loss (RL) data for all loadings of 10 nm Fe3O4 (0.25, 1.3, 
1.55, 2.13, and 2.55 vol%). The previous discussion concerning Figure 5.6 can be applied to any 
specific loading in Figures 5.7. 
 
 
Figure 5.7. Raw RL data for varying loadings of 10 nm Fe3O4 impregnated basswood. 
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5.3.3 Nanoparticle Loading Dependence Effects on Electromagnetic Wave Absorption of 
Wood 
The effects of loading dependence on the materials properties and reflection loss data of 
the nanoparticle impregnated wood system were measured at varying nanoparticle loadings and 
the data analyzed for trends. Figure 5.8(a) shows the effect of nanoparticle loading on the 
intensity of electromagnetic wave absorption, while Figure 5.8(b) shows the effect of 
nanoparticle loading on the complex permittivity, and the complex permeability of 10 nm Fe3O4 
nanoparticles in a wood toroid of 7 mm thickness. In agreement with previous studies and the 
data presented in Chapter 2 of this dissertation, it is shown in Figure 5.8(a) that as nanoparticle 
loading increases, the effective absorption increases as well. The reasoning behind this 
phenomena is explained by the fact that as the loading of the sample increases, the overall 
volume of nanoparticles increases as well, thus increasing the materials ability to absorb 
electromagnetic radiation. Of particular interest is the observation that there is extremely little 
noticeable change in the complex permittivity and permeability as the nanoparticle loading 
increases. While the complex permittivity and permeability do increase (by several thousandths 
periodically throughout the frequency range from 2-18 GHz), it is not enough to be seen when 
plotted together and the curves look as if they overlap. As previously discussed in Chapter 2, we 
expect an increase in these properties as the nanoparticle loading of the sample is increased, so 
this somewhat negligible change in the complex permittivity and permeability is somewhat 
alarming at first. However, it is not a problem when taking into account that the increase in 
electromagnetic absorption is small as well, as the absorption capabilities are only increasing by 
roughly 0.5 dB from the lowest loading (0.25 vol%) to the highest loading (2.55 vol%). In 
essence, the results shown here are expected as a small change in complex permittivity and 
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Figure 5.8. (a) Reflection loss for varying nanoparticle loadings of 10 nm Fe3O4 impregnated 
basswood at a 7 mm thickness. (b) Visualization of the effect of loading on the real and 
imaginary portions of the permittivity and permeability of 10 nm Fe3O4 impregnated basswood.  
 
5.3.4 Effects of Pore Size on Electromagnetic Wave Absorption Properties of Wood 
 During our investigation of radar absorbing wood, there was reasonable concern whether 
or not the nanoparticle impregnated wood could be treated as a continuous medium, or it should 
be considered to have metamaterial-like properties in which the electromagnetic wave absorption 
behavior would need to be treated differently.3,4,15 In order to answer this question, a series of 
experiments were done to simulate various pore sizes, see the effect on the electromagnetic wave 
absorption as well as the complex permittivity and permeability, and ultimately determine at 
which pore size the material could no longer be treated as continuous. For these experiments, the 
same 15 vol% 10 nm Fe3O4 nanoparticle/paraffin wax composite as discussed in Chapter 2 was 
pressed into a toroid of 3 mm thickness and 15 holes were drilled into it. The holes drilled in the 
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wax were considered to simulate the pores of wood and were drilled in various sizes ranging 
from 0.2 mm to 1.5 mm in diameter. The electromagnetic wave absorption and complex 
permittivity and permeability were measured for each hole, or ‘pore’ size and compared in order 
to see the effect of pore size. In between each experiment, the nanoparticle/wax composite was 
re-pressed into a pore-less, continuous 3 mm thick toroid from scratch to eliminate any influence 
from the previous sized pores, and the new pore size was drilled. Figure 5.9 displays the results 
of these experiments.  
 
 
Figure 5.9. (a) Effect of pore size on reflection loss for a 15 vol% 10 nm Fe3O4 
nanoparticle/paraffin wax composite. (b) Effect of pore size on the complex permittivity and 
permeability of a 15 vol% 10 nm Fe3O4 nanoparticle/paraffin wax composite. The arrows in each 
plot indicate the direction of influence corresponding with an increasing pore size.  
 
As shown in Figure 5.9, the pore size has a significant, and somewhat surprising influence on the 
electromagnetic wave absorption properties, complex permittivity, and complex permeability of 
the samples. The trends are summarized in Table 5.1 below: 
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Table 5.1. Effect of Pore Size on Electromagnetic Wave Absorption, Complex Permittivity, and 
Complex Permeability. 
Material Property Trend 
Real Permittivity 
(ε΄) 
Decreases with increasing pore size 
Imaginary 
Permittivity (ε΄΄) 
Increases with increasing pore size 
Real Permeability 
(μ΄) 
Increases with increasing pore size 
Imaginary 
Permeability (μ΄΄) 




Increases with increasing pore size 
 
As shown in Figure 5.9 and Table 5.1, as the pore size of the material is increased, the intensity 
of the reflection loss is increased as well, or in other words, the larger the pore size, the more 
effective a material is at absorbing electromagnetic waves. This is a surprising observation as it 
is expected that the electromagnetic wave absorption effectiveness would decrease from 
increasing pore size since there is less material to absorb the electromagnetic energy; in fact, we 
see the opposite. While unconfirmed at this point, it is believed that this response is due to an 
increased amount of internal reflections within the material itself as the pore size increases. 
When there are no pores in the sample, there is only one interface between air and the 
nanoparticle/wax composite, and this interface is perpendicular to the propagation of the 
incoming electromagnetic waves. In most cases such as this, when coming into contact with the 
air-nanoparticle interface, incoming electromagnetic waves will either be absorbed or reflected 
back to the receiver and away from the absorbing media.9,10 In this situation, the absorption 
media only has one point of contact in which it can absorb electromagnetic energy and reduce 
the signal sent back to the receiver, and a large signal may be reflected. However when pores are 
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present, the electromagnetic waves can start to penetrate the material within the pores and 
become trapped inside these cavities. As a result of this, there are multiple internal reflections 
along the length of the material and within the pores. Upon each internal reflection, a small 
amount of electromagnetic energy will be absorbed, thus increasing the overall electromagnetic 
wave absorption of the material and decreasing the signature of the signal reflected back to the 
receiver. Following this logic, it is understandable that a sample with sizeable pores will be more 
effective in absorbing electromagnetic waves as the absorption becomes a sum of multiple 
internal reflections, rather than a single interaction along the boundary between the air and 
absorbing media. This process is illustrated in Figure 5.10 below. 
 
 
Figure 5.10. (a) Illustration of the reflection of incident electromagnetic waves in an absorbing 
media without pores. (b) Illustration of the reflection of incident electromagnetic waves in an 
absorbing media with pores. Multiple internal reflections occur within the pore cavity, resulting 
in a smaller reflected signal.  
 
The effect of pore size on the real portions of the complex permittivity and permeability, 
illustrated in Figure 5.9 and discussed in Table 5.1, should be straight forward as these are both 
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thought of as bulk materials properties dependent upon the conductivity and the magnetization of 
the material, respectively. Logically, if larger holes are drilled into the toroid, less of the bulk 
material remains, and the conductivity and magnetization of the material decreases thus 
decreasing the real permittivity and permeability. This logic is demonstrated seamlessly when 
considering the real permittivity, however does not hold true when considering the real 
permeability. At this point, it is unknown why this behavior is observed; this could be an 
interesting question if this research was further pursued.  
The effect of pore size on the imaginary portions of the complex permittivity and 
permeability are also illustrated in Figure 5.9 and discussed in Table 5.1. The influence of pore 
size on each of these parameters is for the most part expected. Both the imaginary permittivity 
and imaginary permeability, known as the dielectric loss and magnetic loss, respectively, 
increase as the pore size increases.9,10 If it is true that the absorption capabilities of the sample 
are improved from increasing pore size and creating multiple internal reflections, than the 
observed trends in the dielectric and magnetic loss are appropriate. With increasing pore size, 
more surface area of the sample is exposed, allowing for more absorption of electromagnetic 
energy, or in other words, higher dielectric and magnetic loss. Of course, if the number of holes 
were increased to a maximum, there will be a critical point at which the smaller holes allow for 
more surface area of the sample to interact with the incoming radiation, simply because more of 
the smaller holes can fit within the toroidal sample. However, with our experimental parameter 
of 15 holes per toroid, the larger holes will have the greatest increase in exposed surface area, 
resulting in the most internal reflections, and thus the highest electromagnetic wave absorption. 
In addition, from a theoretical standpoint, increasing the dielectric and magnetic loss will 
191 
 
increase the electromagnetic wave absorption of a material, providing concrete backing to this 
observation.  
As mentioned in the opening statements of this section, the purpose of this pore size 
study was to determine the critical pore size at which the absorbing media can no longer be 
considered a continuous material and would need to be reclassified as a metamaterial. Our results 
are somewhat inconclusive in providing an answer to this question, but do give valuable insight 
to the nature of our materials. While we were unable to directly answer the question of a critical 
pore size, we can conclude that the critical pore size must be above 1.5 mm, the maximum pore 
size studied due to physical limitations of the dimensions of the toroid, as there was no non-
linear response observed at this pore size, as would be expected when working with a 
metamaterial. From this, we are able to at least partly answer our initial question and conclude 
that the nanoparticle impregnated basswood material can assuredly be treated as a continuous 
medium as the pore sizes in the basswood are 100 μm or smaller in diameter, which is 
significantly below any of the measured pore sizes. Further supporting this argument, in 
literature a material is not usually considered a metamaterial until the internal features of the 
material reach spacing of λ/10.15 In our experiments, the measureable frequency range of 2 – 18 
GHz corresponds to a 1.6 – 14.9 cm wavelength range of electromagnetic radiation. With a 
maximum pore size of 100 μm, the sub-feature spacing in the basswood is on the order of 
λ/16000, well below the metamaterial threshold.  
A last important takeaway from this pore size study is the phenomenon that the 
electromagnetic wave absorption capabilities of porous media seems to increase as pore size 
increases (of course, until the critical pore size is reached). This discovery could have huge 
implications in modern radar absorbing technology, specifically of interest to defense and 
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military applications. As the pore size of the material increases, less mass of the material is 
required, thus reducing the weight of an absorber that is applied to the surface of a plane or 
submarine. If a porous technology was applied to the surface of military vessels, it would not 
only be more cost effective and require less material, but it would be more aerodynamically 




In conclusion, we have successfully created radar absorbing wood through the 
impregnation of magnetic 10 nm Fe3O4 nanoparticles. The dielectric, magnetic and microwave 
absorption properties of the series of the nanoparticle impregnated wood have been carefully 
investigated, and our analysis has revealed that the same principles discussed in previous 
chapters hold true when a radar absorbing material is embedded into a host template such as 
wood. Not only is this the first instance of the synthesis of a radar absorbing wood, but it is one 
of the first studies concerning the creation of a radar absorbing material through the 
impregnation of magnetic nanoparticles. As we have shown, the basic physics and principles 
studied in Chapter 2 still hold when the nanoparticles are embedded into a wood matrix, and 
there is no reason to believe that this process couldn’t be applied to a variety of hosts or 
templates, such as polymers or porous metal foams. In addition, we have shown that a porous 
material may in fact have improved electromagnetic absorption capabilities, which could lead to 
the development of lighter weight, more cost effective microwave absorbers for planes, 
submarines, or other military vessels. The study discussed in Chapter 5 should be used as 
building block towards exploring a new class of porous microwave absorbers and in the future, 
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Chapter 6. Synthesis and Biofunctionalization of Magnetic Fe3O4 
Nanoparticles 
 
6.1 INTRODUCTION  
 
Circulating tumor cells (CTCs) are the leading cause of metastasis, the spread of cancer 
away from the primary tumor to elsewhere in the body.1–4 Enumeration of these cells could 
provide a wealth of information in regards to how the tumor grows and regresses, and help track 
the unique disease progression of a specific patient.5 With the onset of new technologies and 
major scientific advancements, there has been an increased push towards “personalized 
medicine”, where the physician tailors treatment to the specifics of an individual’s disease 
status.6,7 CTCs are a potential way to target chemotherapies and radiation therapy in such a way.8 
However, there have been many obstacles in finding a method with high sensitivity and high 
specificity to properly examine CTCs because they are so dilute in the bloodstream when 






Figure 6.1. Circulating tumor cells in the body are the cause of metastasis, the migration of 
cancer cells from the primary tumor to elsewhere in the body.5 
 
Magnetic separation using functionalized magnetic nanoparticles looks promising as a method of 
detection.9,10 Due to the nature of these magnetic nanoparticles, aggregation caused by a 
magnetic moment is only induced with the close positioning of an external magnet, and upon 
removal of the field, the nanoparticles will no longer be aggregated, allowing them to be 
redispersed. This would be ideal for isolating CTCs from the bloodstream.  
In addition to the need for a magnetic capture technique to collect CTCs from the 
bloodstream is the need for virus detection methods in food and water sources across the 
world.11–13 Norovirus, a major public health issue, is the leading cause of acute gastroenteritis in 
the United States, and developing a sensor to detect for norovirus in industrial plants such as 
vegetable processing facilities would potentially prevent many future epidemics.14 The disease is 
highly contagious, and contaminated produce and water are among the top contributors to 
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disease.14,15 Developing a norovirus-specific sensor for industrial plants seeks to prevent 
norovirus outbreaks in the population.16 
In Chapter 6, we use superparamagnetic iron oxide (Fe3O4) nanoparticles conjugated with 
targeted antibodies to develop synthesis protocols to make them viable for both public health and 
biomedical applications. Our efforts include the systematic investigation of appropriate particle 
size, phase transfer/ligand exchange techniques, and appropriate water soluble PEG ligands for 
adequate magnetic capture. Through antibody conjugation, these iron oxide particles have the 
potential to target certain cells in the body and treat specific diseases. Our protocols have been 
characterized by transmission electron microscopy (TEM) and dynamic light scattering (DLS), 
which are presented herein. Virus capture experiments and results are not discussed in this 
dissertation as the experiments were conducted by colleagues at the Johns Hopkins School of 





6.2 EXPERIMENTAL METHODS 
Chemicals. All materials (metal precursors, organic solvents, ligands, crosslinking 
agents) were purchased from Sigma Aldrich. All chemicals were used as received. Antibodies 
were purchased through a different commercial supplier. 
 Synthesis Design. All nanoparticles were synthesized under inert argon gas in a standard 
Schlenk line setup, unless otherwise specified. All synthesis procedures were adapted and 
modified from previous reports. 
6.2.1 Syntheses of Fe3O4 Nanoparticles 
Synthesis of 7  nm Oleylamine Stabilized Fe3O4 Nanoparticles.
17 7-8 nm Fe3O4 
nanoparticles were synthesized by the decomposition of iron (III) acetylacetonate (Fe(acac)3). In 
a typical synthesis, iron (III) acetylacetonate (0.706 g, 2.0 mmol) was dissolved in 10 mL benzyl 
ether (BE) and 10 mL oleylamine, heated for 60 min at 110°C to promote decomposition of the 
Fe, and then refluxed for 30 min at a higher temperature (300°C). The precipitate was collected 
by centrifugation at 8000 rpm for 10 min, re-dispersed in ethanol, and centrifuged once again at 
8000 rpm for 10 min. The final product was re-dispersed in hexanes and stabilized with 2-3 
drops of oleylamine.  
Synthesis of 20 nm Oleylamine Stabilized Fe3O4 Nanoparticles.
18 20 nm Fe3O4 
nanoparticles were synthesized by the decomposition of iron (III) acetylacetonate (Fe(acac)3) and 
seed-mediated growth on the previously synthesized 10 nm Fe3O4 nanoparticles. In a typical 
synthesis, iron (III) acetylacetonate (0.706 g, 2.0 mmol) was dissolved in 20 mL diphenyl ether 
(DPE) containing oleic acid (0.64 mL, 2.0 mmol), oleylamine (0.66 mL, 2.0 mmol), 1-
octadecanol (2.70 g, 10.0 mmol) and 16 mg 10 nm Fe3O4 nanoparticle seeds, heated for 60 min 
at 110°C to promote decomposition of the Fe, and then refluxed for 30 min at a higher 
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temperature (300°C). The precipitate was collected by centrifugation at 6000 rpm for 10 min, re-
dispersed in ethanol, and centrifuged once again at 6000 rpm for 10 min. The final product was 
re-dispersed in hexanes and stabilized with 2-3 drops of oleylamine.  
Synthesis of 8 nm Octanol Stabilized Fe3O4 Nanoparticles.
19  7-8 nm Fe3O4 nanoparticles 
were synthesized by the thermal decomposition of iron (III) acetylacetonate (Fe(acac)3). In a 
typical synthesis, iron (III) acetylacetonate (0.150 g, 0.43 mmol) was dissolved in 13 mL 1-
octanol and sealed in a 50 mL autoclave. The reaction-containing autoclave was put into an oven 
at 185°C for 15 hours to promote decomposition of the Fe and the growth of Fe3O4 
nanoparticles. Once cooled to room temperature, the precipitate was collected by centrifugation 
in ethanol at 7000 rpm for 10 min, re-dispersed in methanol, and centrifuged once again at 
10,000 rpm for 10 min. The final product was re-dispersed in hexanes. 
6.2.2 PEG Ligand Exchange and Phase Transfer Protocols 
 PEG Diacid (Mw 3000) Ligand Exchange/Phase Transfer.
17 20 mg α,ω-Bis{2-[(3-
carboxy-1-oxopropyl)amino]ethyl}polyethylene glycol (PEG diacid), 2 mg N-
Hydroxysuccinimide (NHS), 3 mg N,Nʹ-Dicyclohexylcarbodiimide (DCC), and 1.27 mg 
dopamine hydrochloride were dissolved in a solvent mixture of 1 mL chloroform (CHCl3) and 1 
mL dimethylformamide (DMF). 10 mg anhydrous sodium carbonate (Na2CO3) was added to the 
reaction mixture as a drying aid. The resulting solution was stirred under argon protection for 2 
hours. During this time, 5 mg of 7 oleylamine stabilized Fe3O4 nanoparticles were centrifuged 
out of hexanes and re-dispersed in 1 mL of chloroform. At a stirring time of two hours, the Fe3O4 
nanoparticles in chloroform were injected into the reaction mixture, at which point the resulting 
solution was let stir overnight (~12 h) to promote a ligand exchange between the oleylamine and 
PEG diacid. The modified particles were collected the next day by a series of steps as follows:  
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1. Precipitation by the addition of ~2 mL of hexanes. 
2. Centrifugation for 3 min at 14,000 rpm to separate the Fe3O4 from the reaction solution.  
3. Drying under vacuum for ~ 1 min to remove organics. 
4. Addition of ~5 mL of deionized water (d-H2O). 
5. Sonication for ~15 min to ensure Fe3O4 re-dispersion in d-H2O. 
To complete the phase-transfer, the extra surfactants and salts were removed by dialysis for 24 
hours in 1X PBS using a 12 mL Slide-A-LyzerTM Dialysis Cassette with a 10K MWCO rating, 
purchased from ThermoFisher Scientific. The dialysis solution was magnetically stirred at ~800 
rpm to ensure adequate removal of any extra chemicals. Careful attention was paid during the 
dialysis process to prevent sedimentation of the particles due to magnetic stirring, and the 
dialysis cassette containing the particles was removed from magnetic stirring for ~20 min every 
2-3 hours and shaken to disrupt sedimentation effects. After the 24 hours of dialysis treatment, 
the particles were removed from the dialysis bag and used as is.  
Amino-PEG (Mw 3000) Ligand Exchange/Phase Transfer.
17 20 mg O-(2-
Aminoethyl)polyethylene glycol (Amino-PEG), 2 mg N-Hydroxysuccinimide (NHS), 3 mg 
N,Nʹ-Dicyclohexylcarbodiimide (DCC), and 1.27 mg dopamine hydrochloride were dissolved in 
a solvent mixture of 1 mL chloroform (CHCl3) and 1 mL dimethylformamide (DMF). 10 mg 
anhydrous sodium carbonate (Na2CO3) was added to the reaction mixture as a drying aid. The 
resulting solution was stirred under argon protection for 2 hours. During this time, 5 mg of 7 nm 
oleylamine stabilized Fe3O4 nanoparticles were centrifuged out of hexanes and re-dispersed in 1 
mL of chloroform. At a stirring time of two hours, the Fe3O4 nanoparticles in chloroform were 
injected into the reaction mixture, at which point the resulting solution was let stir overnight (~12 
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h) to promote a ligand exchange between the oleylamine and PEG diacid. The modified particles 
were collected the next day by a series of steps as follows:  
1. Precipitation by the addition of ~2 mL of hexanes. 
2. Centrifugation for 3 min at 14,000 rpm to separate the Fe3O4 from the reaction solution.  
3. Drying under vacuum for ~ 1 min to remove organics. 
4. Addition of ~5 mL of deionized water (d-H2O). 
5. Sonication for ~15 min to ensure Fe3O4 re-dispersion in d-H2O. 
To complete the phase-transfer, the extra surfactants and salts were removed by dialysis for 24 
hours in 1X PBS using a 12 mL Slide-A-LyzerTM Dialysis Cassette with a 10K MWCO rating, 
purchased from ThermoFisher Scientific. The dialysis solution was magnetically stirred at ~800 
rpm to ensure adequate removal of any extra chemicals. Careful attention was paid during the 
dialysis process to prevent sedimentation of the particles due to magnetic stirring, and the 
dialysis cassette containing the particles was removed from magnetic stirring for ~20 min every 
2-3 hours and shaken to disrupt sedimentation effects. After the 24 hours of dialysis treatment, 
the particles were removed from the dialysis bag and used as is. 
30 Carbon Chain Length PEG Ligand Exchange/Phase Transfer.17 4.9 mg O,Oʹ-Bis(2-
carboxyethyl)dodecaethylene glycol (30 Carbon PEG), 2 mg N-Hydroxysuccinimide (NHS), 3 
mg N,Nʹ-Dicyclohexylcarbodiimide (DCC), and 1.27 mg dopamine hydrochloride were 
dissolved in a solvent mixture of 1 mL chloroform (CHCl3) and 1 mL dimethylformamide 
(DMF). 10 mg anhydrous sodium carbonate (Na2CO3) was added to the reaction mixture as a 
drying aid. The resulting solution was stirred under argon protection for 2 hours. During this 
time, 5 mg of 7 nm oleylamine stabilized Fe3O4 nanoparticles were centrifuged out of hexanes 
and re-dispersed in 1 mL of chloroform. At a stirring time of two hours, the Fe3O4 nanoparticles 
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in chloroform were injected into the reaction mixture, at which point the resulting solution was 
let stir overnight (~12 h) to promote a ligand exchange between the oleylamine and PEG diacid. 
The modified particles were collected the next day by a series of steps as follows:  
6. Precipitation by the addition of ~2 mL of hexanes. 
7. Centrifugation for 3 min at 14,000 rpm to separate the Fe3O4 from the reaction solution.  
8. Drying under vacuum for ~ 1 min to remove organics. 
9. Addition of ~5 mL of deionized water (d-H2O). 
10. Sonication for ~15 min to ensure Fe3O4 re-dispersion in d-H2O. 
To complete the phase-transfer, the extra surfactants and salts were removed by dialysis for 24 
hours in 1X PBS using a 12 mL Slide-A-LyzerTM Dialysis Cassette with a 10K MWCO rating, 
purchased from ThermoFisher Scientific. The dialysis solution was magnetically stirred at ~800 
rpm to ensure adequate removal of any extra chemicals. Careful attention was paid during the 
dialysis process to prevent sedimentation of the particles due to magnetic stirring, and the 
dialysis cassette containing the particles was removed from magnetic stirring for ~20 min every 
2-3 hours and shaken to disrupt sedimentation effects. After the 24 hours of dialysis treatment, 
the particles were removed from the dialysis bag and used as is. 
8 Carbon Chain Length PEG Ligand Exchange/Phase Transfer.17 1.48 mg 3,6,9-
Trioxaundecanedioic acid (8 Carbon PEG), 2 mg N-Hydroxysuccinimide (NHS), 3 mg N,Nʹ-
Dicyclohexylcarbodiimide (DCC), and 1.27 mg dopamine hydrochloride were dissolved in a 
solvent mixture of 1 mL chloroform (CHCl3) and 1 mL dimethylformamide (DMF). 10 mg 
anhydrous sodium carbonate (Na2CO3) was added to the reaction mixture as a drying aid. The 
resulting solution was stirred under argon protection for 2 hours. During this time, 5 mg of 7 nm 
oleylamine stabilized Fe3O4 nanoparticles were centrifuged out of hexanes and re-dispersed in 1 
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mL of chloroform. At a stirring time of two hours, the Fe3O4 nanoparticles in chloroform were 
injected into the reaction mixture, at which point the resulting solution was let stir overnight (~12 
h) to promote a ligand exchange between the oleylamine and PEG diacid. The modified particles 
were collected the next day by a series of steps as follows:  
11. Precipitation by the addition of ~2 mL of hexanes. 
12. Centrifugation for 3 min at 14,000 rpm to separate the Fe3O4 from the reaction solution.  
13. Drying under vacuum for ~ 1 min to remove organics. 
14. Addition of ~5 mL of deionized water (d-H2O). 
15. Sonication for ~15 min to ensure Fe3O4 re-dispersion in d-H2O. 
To complete the phase-transfer, the extra surfactants and salts were removed by dialysis for 24 
hours in 1X PBS using a 12 mL Slide-A-LyzerTM Dialysis Cassette with a 10K MWCO rating, 
purchased from ThermoFisher Scientific. The dialysis solution was magnetically stirred at ~800 
rpm to ensure adequate removal of any extra chemicals. Careful attention was paid during the 
dialysis process to prevent sedimentation of the particles due to magnetic stirring, and the 
dialysis cassette containing the particles was removed from magnetic stirring for ~20 min every 
2-3 hours and shaken to disrupt sedimentation effects. After the 24 hours of dialysis treatment, 
the particles were removed from the dialysis bag and used as is. 
6.2.3 Antibody Conjugations 
 E. Coli Antibody Conjugation. To link E.coli antibodies to Fe3O4 nanoparticles, 5 mg of 7 
nm water-stabilized Fe3O4 nanoparticles were mixed with 1-ethyl-3-(3-dimethylaminopropyl) 
carbodiimide (EDC) (0.20 mg, 1.0 mmol) and sulfo-N-Hydroxysuccinimide (sulfo-NHS) (0.55 
mg, 0.25 mmol) for 5 minutes. The conjugates were then run through a GE Healthcare 
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Disposable PD 10 Desalting Column prewashed with ~20 mL 1X PBS to remove excess EDC 
and sulfo-NHS. 100 ug of E. Coli antibody (provided by Dr. Kellogg Schwab at the Johns 
Hopkins School of Public Health) was then added into the collected solution and shaken for 2 
hours at 4°C. The final antibody-nanoparticle complex was collected by running through another 
pre-wet PD 10 desalting column. Care was taken to ensure the antibody was not exposed to a 
room temperature atmosphere for longer than ~20 minutes at a given time to prevent denaturing 
of the antibody.  
MS2 Antibody Conjugation. To link MS2 antibodies to Fe3O4 nanoparticles, 5 mg of 7 
nm water-stabilized Fe3O4 nanoparticles were mixed with 1-ethyl-3-(3-dimethylaminopropyl) 
carbodiimide (EDC) (0.20 mg, 1.0 mmol) and sulfo-N-Hydroxysuccinimide (sulfo-NHS) (0.55 
mg, 0.25 mmol) for 5 minutes. The conjugates were then run through a GE Healthcare 
Disposable PD 10 Desalting Column prewashed with ~20 mL 1X PBS to remove excess EDC 
and sulfo-NHS. 100 ug of MS2 antibody (provided by Dr. Kellogg Schwab at the Johns Hopkins 
School of Public Health) was then added into the collected solution and shaken for 2 hours at 
4°C. The final antibody-nanoparticle complex was collected by running through another pre-wet 
PD 10 desalting column. Care was taken to ensure the antibody was not exposed to a room 
temperature atmosphere for longer than ~20 minutes at a given time to prevent denaturing of the 
antibody.  
MNV Antibody Conjugation. To link MNV antibodies to Fe3O4 nanoparticles, 5 mg of 7 
nm water-stabilized Fe3O4 nanoparticles were mixed with 1-ethyl-3-(3-dimethylaminopropyl) 
carbodiimide (EDC) (0.20 mg, 1.0 mmol) and sulfo-N-Hydroxysuccinimide (sulfo-NHS) (0.55 
mg, 0.25 mmol) for 5 minutes. The conjugates were then run through a GE Healthcare 
Disposable PD 10 Desalting Column prewashed with ~20 mL 1X PBS to remove excess EDC 
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and sulfo-NHS. 100 ug of MNV antibody (provided by Dr. Kellogg Schwab at the Johns 
Hopkins School of Public Health) was then added into the collected solution and shaken for 2 
hours at 4°C. The final antibody-nanoparticle complex was collected by running through another 
pre-wet PD 10 desalting column. Care was taken to ensure the antibody was not exposed to a 
room temperature atmosphere for longer than ~20 minutes at a given time to prevent denaturing 
of the antibody.  
6.2.4 Protein Conjugations 
Streptavidin Protein Conjugation. To link streptavidin protein to Fe3O4 nanoparticles, 5 
mg of 7 nm water-stabilized Fe3O4 nanoparticles were mixed with 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC) (0.20 mg, 1.0 mmol) and sulfo-N-
Hydroxysuccinimide (sulfo-NHS) (0.55 mg, 0.25 mmol) for 5 minutes. The conjugates were then 
run through a GE Healthcare Disposable PD 10 Desalting Column prewashed with ~20 mL 1X 
PBS to remove excess EDC and sulfo-NHS. 100 ug of streptavidin protein was then added into 
the collected solution and shaken for 2 hours at 4°C. The final protein-nanoparticle complex was 
collected by running through another pre-wet PD 10 desalting column. Care was taken to ensure 
the protein was not exposed to a room temperature atmosphere for longer than ~20 minutes at a 
given time to prevent denaturing of the protein.  
MBP-GFP-ActA Protein Conjugation. To link MBP-GFP-ActA protein to Fe3O4 
nanoparticles, 5 mg of 7 nm water-stabilized Fe3O4 nanoparticles were mixed with 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC) (0.20 mg, 1.0 mmol) and sulfo-N-
Hydroxysuccinimide (sulfo-NHS) (0.55 mg, 0.25 mmol) for 5 minutes. The conjugates were then 
run through a GE Healthcare Disposable PD 10 Desalting Column prewashed with ~20 mL 1X 
PBS to remove excess EDC and sulfo-NHS. 100 ug of MBP-GFP-ActA protein was then added 
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into the collected solution and shaken for 2 hours at 4°C. The final protein-nanoparticle complex 
was collected by running through another pre-wet PD 10 desalting column. Care was taken to 
ensure the protein was not exposed to a room temperature atmosphere for longer than ~20 
minutes at a given time to prevent denaturing of the protein.  
6.2.5 Materials Characterization 
Transmission electron microscopy (TEM) images were acquired on a 120 kV, FEI Tecnai 
12 TWIN microscope. X-ray diffraction (XRD) patterns were collected on a PANalytical X’Pert3 
Powder X-Ray Diffractometer equipped with a Cu Kα radiation source (λ=0.15406).  
 
6.3 DISCUSSION AND RESULTS 
 As stated in the introduction of Chapter 6, our efforts involved in the virus capture 
experiments at the Johns Hopkins School of Public Health (JHSPH) were to conduct preliminary 
experiments to develop a nanoparticle/antibody conjugate with the ideal properties for in vivo 
virus capture. The protocol development steps pertaining to each step of the production process 
(nanoparticle synthesis, ligand exchange and phase transfer, and antibody/protein additions) are 
outlined in the following sections.  
6.3.1 Fe3O4 Nanoparticle Synthesis 
Transmission electron microscopy (TEM) images for both the 7 nm and 20 nm 
oleylamine-stabilized iron oxide nanoparticles and the 8 nm octanol-stabilized iron oxide 






Figure 6.2. Transmission electron microscopy (TEM) images of (a) 7 nm oleylamine-stabilized 
Fe3O4, (b) 20 nm oleylamine-stabilized Fe3O4, and (c) 8 nm octanol-stabilized Fe3O4.  
 
Through size distribution analysis, mean diameters have been determined to be 6.98 nm, 18.11 
nm, and 7.80 nm for the 7 nm oleylamine-stabilized, 20 nm oleylamine-stabilized, and 8 nm 
octanol-stabilized particles, respectively. Size distribution profiles are shown in Figure 6.3. 
  
 
Figure 6.3. Size distributions of (a) 7 nm oleylamine-stabilized Fe3O4, (b) 20 nm oleylamine-




Figure 6.4 presents the typical x-ray diffraction pattern for a cubic magnetite structure as 
confirmed by their perfect agreement with JCPDS No. 00-09-0629. No other diffraction peaks 
besides those corresponding to Fe3O4 were observed, indicating high purity of our as-synthesized 
products.  
 
Figure 6.4. X-ray diffraction patterns for (a) 7 nm oleylamine-stabilized Fe3O4, (b) 20 nm 
oleylamine-stabilized Fe3O4, and (c) 8 nm octanol-stabilized Fe3O4.  
 
These Fe3O4 products were synthesized for use in future ligand exchange and antibody 
coupling experiments with the end goal of use in virus capture experiments conducted by Dr. 
Kellogg Schwab at the Johns Hopkins School of Public Health. The ligand exchange and 
antibody coupling experiments are discussed in the coming sections. For all experiments, the 7 
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nm oleylamine-stabilized Fe3O4 nanoparticles were used as the standard. The 20 nm oleylamine-
stabilized Fe3O4 nanoparticles were used in a small number of test experiments when trying to 
determine the effect of which the size of the nanoparticle has on the rate of magnetic capture. 
Our observation was that the 20 nm Fe3O4 nanoparticles were unstable and noticeable 
sedimentation occurred within a few minutes due to their larger size. No further experiments 
were conducted with particles of this size as the sedimentation rate is too fast for the particles to 
be considered for an in vivo virus capture experiment. The 8 nm octanol-stabilized Fe3O4 
nanoparticles were used in one test to determine the effect of the binding ligand on the ligand 
exchange with PEG and phase transfer into water. Our observation was that there was no 
noticeable difference and the final concentration of water soluble particles was similar, thus, no 
further experiments were conducted and the 7 nm oleylamine-stabilized Fe3O4 nanoparticles 
were used out of convenience for ease of synthesis.  
6.3.2 Ligand Exchanges and Phase Transfers 
 In the ligand exchange and phase transfer protocol development stage, the most 
prominent concern was the stability of the 7 nm Fe3O4 nanoparticles once transferred to water. If 
it can be assumed that each chain length of polyethylene glycol (PEG) will have a similar 
nanoparticle surface coverage, the stability of the Fe3O4 nanoparticles in aqueous solutions 
almost entirely depends on the length of the PEG chain in the ligand. In order to investigate this 
question, four different chain length PEG ligands were attached to the Fe3O4 nanoparticles and 
their stability analyzed. Our goal was to find a PEG chain length that would provide for enough 
particle stability in aqueous solution to prevent gravitational sedimentation, but would still allow 
for the particles to be captured by an applied external magnetic field.  
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 Standard EDC/NHS crosslinking chemistry was used to exchange the oleylamine on the 
surface of the Fe3O4 nanoparticles with a water soluble PEG ligand. This process has been 
discussed in depth in literature and will not be a focus in this dissertation.20 Briefly, the EDC and 
NHS work together to create an amide bond between the PEG and the surface of the nanoparticle 
to anchor the PEG and replace the oleylamine surfactant. This process could be completed using 
EDC alone, however the addition of NHS greatly increases the yield and efficiency of the 




Figure 6.5. A schematic for the two-step amide bond formation process using EDC/NHS 
crosslinking chemistry.20   
 
The experimental procedure for the ligand exchange and phase transfer is outlined in the 




Figure 6.6. Surface modification of Fe3O4 nanoparticles via DPA-PEG-COOH. 
X=CH2NHCOCH2CH2 for PEG3000, PEG6000, PEG20000. X is not present in PEG600 – the 
bonds on both sides of the X are directly linked.17 
 
The four different chain length PEG ligands that were tested are as follows:  
1. ~150 carbon chain length: O-(2-Aminoethyl)polyethylene glycol (  Amino-PEG) 
2. ~100 carbon chain length: α,ω-Bis{2-[(3-carboxy-1-oxopropyl)amino]ethyl}polyethylene 
glycol (PEG diacid) 
3. 30 carbon chain length: O,Oʹ-Bis(2-carboxyethyl)dodecaethylene glycol (30 Carbon 
PEG) 
4. 8 carbon chain length: 3,6,9-Trioxaundecanedioic acid (8 Carbon PEG) 
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In each case, the same ligand exchange procedure was used, as outlined in the Experimental 
Methods section of this chapter. Transmission electron microscopy images for 7 nm Fe3O4 




Figure 6.7. Transmission electron microscopy (TEM) images of water soluble 7 nm Fe3O4 with 
(a) O-(2-Aminoethyl)polyethylene glycol (~150 carbon PEG), (b) α,ω-Bis{2-[(3-carboxy-1-
oxopropyl)amino]ethyl}polyethylene glycol (~100 carbon PEG), (c) O,Oʹ-Bis(2-
carboxyethyl)dodecaethylene glycol (30 carbon PEG), and (d) 3,6,9-Trioxaundecanedioic acid (8 
carbon PEG). 
 
As can be seen in Figure 6.7, the varying chain length PEG has a substantial effect on the results 
of the ligand exchange/phase transfer procedure, i.e. decreasing the chain length results in an 
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increase in aggregation. This is likely due surface coverage and steric effects between the 
particles as longer PEG chains will force more separation between the particles and help prevent 
aggregation. The particles are attracted to one another through their magnetic dipoles, so the 
longer chain lengths help to prevent the dipoles of two particles from interacting. As the PEG 
chain length decreases, the distance between neighboring particles decreases as well. As a result, 
magnetic forces will have a larger effect and promote an attraction between two particles, thus 
creating aggregation.  
 Stemming directly from the resulting aggregation is the long term stability of the Fe3O4 
nanoparticles in water. Longer PEG chains create a larger hydrodynamic shell for each particle, 
less aggregation between particles, and thus improve stability in aqueous solution. Stability of 
our particles in aqueous solution was tested by placing each sample on top of an NdFeB magnet 
of strength ~1.2 T and measuring the length of time required for particles to sediment on the 
bottom of the vial. In our case, the nanoparticles with the longer amino-PEG and PEG-diacid 
attached could not be pulled out of solution even if left on the magnet overnight as they were too 
stable in aqueous solution. Keeping our goal of virus capture experiments in mind, these particles 
were unable to be used as they could not be magnetically captured, thus ruining the purpose of 
the protocol development experiments. The 8 carbon chain PEG resulted in sedimentation in a 
matter of minutes even without the presence of the magnet, likely from the large aggregation 
present in the particles. Once again, this chain length PEG was ruled out as the particles would 
sediment too fast and are not stable enough for in vivo experiments. It is easy to see how an 
aggregation of nanoparticles could be disruptive while circulating in the bloodstream. On the 
other hand, the particles with the 30 carbon chain length PEG behaved in a more favorable 
manner and were stable enough to remain suspended under normal gravitational forces but could 
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be captured in ~5 – 10 minutes upon exposure to an external magnetic field. Due to this 
behavior, the 30 carbon chain length PEG was chosen as the best water soluble ligand for use 
during the ligand exchange/phase transfer step.  
6.3.3 Antibody Conjugations 
 Once an appropriate system was established, we moved on towards the goal of this 
project: antibody conjugation to magnetic nanoparticles. E. coli was chosen as an initial 
candidate for antibody conjugation due to the extensive library of information available 
regarding E. coli as a pathogen. However, due to unforeseen circumstances and the commercial 
discontinuation of the antibodies, the antibody of choice was changed to MS2, and again later 
changed to murine norovirus (MNV). The antibodies were attached to the nanoparticles using 
standard EDC/NHS chemistry as detailed previously in this chapter. Experimental protocols are 
outlined in the Experimental Methods section of this chapter.  
 Transmission electron microscopy images for 7 nm PEG functionalized Fe3O4 
nanoparticles with the corresponding antibodies attached are shown in Figure 6.8. 
 
 
Figure 6.8. Transmission electron microscopy (TEM) images of (a) E.coli antibody conjugated 7 




In each case, the antibody addition procedure resulted in a negligible change in the aggregation 
of the products and no loss in long term stability in aqueous solution. The presence of the 
antibody attached to the surface of the nanoparticles was confirmed by measuring the 
hydrodynamic shell of the products throughout every step of the procedure using dynamic light 
scattering (DLS) shown in Figure 6.9.  
 
 
Figure 6.9. Dynamic light scattering (DLS) results of (a) oleylamine-stabilized 7 nm Fe3O4, (b) 
O,Oʹ-Bis(2-carboxyethyl)dodecaethylene glycol (30 carbon PEG)-stabilized 7 nm Fe3O4, and (c) 
MNV antibody conjugated 7 nm Fe3O4. 
 
DLS results in Figure 6.9(a) indicate that the original oleylamine-stabilized particles are 
approximately 9 nm, in agreement with the results via TEM. The 2 nm size increase is explained 
by the presence of oleylamine on the surface of the nanoparticles, which adds ~2 nm to the 
hydrodynamic shell of the nanoparticle.21 Figure 6.9(b) indicates an increase in the 
hydrodynamic shell of the particles to ~50 nm from the ligand exchange and presence of O,Oʹ-
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Bis(2-carboxyethyl)dodecaethylene glycol, which is in agreement with reported results.17 Figure 
6.9(c) indicates a size increase in hydrodynamic shell to over 100 nm, likely indicating the 
presence of the attached antibody. Information on the exact hydrodynamic size of antibodies is 
difficult to find, however, this size increase is reasonable in comparison with other antibodies.17 
6.3.4 Protein Conjugations 
 An attempt was made to conjugate streptavidin and MBP-GFP-ActA proteins to our 
Fe3O4 nanoparticles, however without success. The same procedure as the antibody conjugation 
was followed. Results are shown in the TEM images in Figure 6.10. 
 
 
Figure 6.10. Transmission electron microscopy (TEM) images of (a) streptavidin and (b) MBP-
GFP-ActA protein conjugations.  
 
As shown in Figure 6.10, the protein conjugations resulted in an excess of organics and large 




In Chapter 6, we have made great strides in developing superparamagnetic iron oxide 
(Fe3O4) nanoparticles conjugated with targeted antibodies as viable capture vehicles for both 
public health and biomedical applications. This chapter presented the entire protocol 
development process from start to finish: synthesis of the superparamagnetic iron oxide, ligand 
exchange and phase transfer of the particles to aqueous solution, and antibody conjugation. Our 
protocols have been characterized by transmission electron microscopy (TEM) and dynamic 
light scattering (DLS), confirming the presence of the antibody on the surface of the 
nanoparticle. We have screened particle sizes and determined that a smaller size is more 
advantageous to promoting long term stabilization of the particles in aqueous solution. We have 
also screened various PEG chain lengths and determined that an intermediate size is ideal to 
promote enough particle stabilization to prevent sedimentation under gravitational forces, but 
allow for capture in the presence of an external magnetic field. This work should be thought of as 
a template for which drug delivery and/or virus capture processes involving nanomaterials could 
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Chapter 7. Synthesis of Magnetic and Dielectric Nanoparticle Products for 
Tunable Electromagnetic Wave Absorption 
7.1 INTRODUCTION 
 Throughout the course of this doctoral research, many different nanoparticle products 
were synthesized but never fully investigated for their electromagnetic wave absorption 
properties. These products include various magnetic and dielectric nanoparticles, synthesized by 
a wide range of methods: organic solution synthesis, hydrothermal synthesis, and substrate 
templated synthesis. There were two main thrusts of these syntheses: 
1) Investigation of magnetic and dielectric with shape anisotropy for electromagnetic wave 
absorption. 
2) Investigation of hard magnetic materials for electromagnetic wave absorption. 
The first of these thrusts, the investigation of materials displaying a shape anisotropy, is 
geared at developing a tunable electromagnetic wave absorbing device. Rods and wires were 
predominantly chosen for these studies due to the large difference in the magnetic or dielectric 
properties of the materials displayed when aligned to a magnetic field along the easy axis in 
comparison with a random orientation.1 Stemming from the tunability in the magnetic or 
dielectric properties, it is thought that an aligned vs. randomly oriented materials will also 
display tunable electromagnetic wave absorption properties, and can thus be used as advanced 
materials for electromagnetic wave absorption simply by adjusting the strength of the magnetic 
or electric field present. It is easy to see how a material with tunable electromagnetic wave 
absorption properties would be of high importance for military/defense purposes, as planes 
and/or submarines would be able to choose appropriate frequencies to absorb by running a 
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current through the outside surface of the vessel. In an ideal world, a military vessel could be 
built out of a material with an electrical network etched into the outer surface and coated with 
nanomaterials with shape anisotropy of a desired composition. Then, by simply choosing a an 
appropriate current to run through the external electrical network, pilots would gain the 
capability of absorbing incoming radar waves in accordance with which radar they expect to 
encounter on while on field missions. In reality, this may be a difficult technology to implement, 
as building a plane or submarine has many other logistical challenges such as material weight, 
buoyancy, and stability, amongst others. Nevertheless, it is an interesting topic to explore.  
The inspiration for these syntheses came from a 2014 study on the magnetic properties of 
cobalt nanowires from J. Ping Liu.2 The cobalt nanowires were shown to display a high 
magnetization and coercivity, both of which are critical to electromagnetic wave absorption 
(previously discussed in Chapter 2), that is tunable by the alignment of the particles to an 
external magnetic field.3,4 These results are demonstrated in Figure 7.1 (b) and (c). By aligning 
the nanowires, the coercivity of the material was increased from 6.5 kOe (randomly oriented) to 







Figure 7.1 (a) TEM image and magnetic hysteresis curves for (b) randomly oriented and (c) 
aligned cobalt nanowires.2 
 
The tunability of the magnetic properties of these cobalt nanowires adequately demonstrated the 
behaviors required to begin work towards the goal of a tunable microwave absorber, thus, these 
nanowires were chosen as a starting point for the study. By adjusting synthetic parameters, cobalt 
nanowires, nanorods, and nanocubes were synthesized.  
 In order to approach this problem from a different angle than magnetics, it was decided to 
explore the tunability of the dielectric side of electromagnetic absorption. For this purpose, 
barium titanate (BaTiO3) nanorods were chosen as a starting point due to the extremely high 
values of their dielectric constants which makes them a promising candidate for electromagnetic 
wave absorption.5–7 Barium titanate was synthesized according to established procedures in both 
nanorod and nanowire morphologies.5,6 
 The second of these research thrusts involved investigating hard magnetic materials for 
electromagnetic wave absorption. Hard magnetic materials are known to have high 
magnetization and coercivity, which, as previously discussed, make them excellent candidates 
for electromagnetic absorption.6,7 The inspiration for this thrust came from a study on a new 
FeCrSe hard magnetic alloy, by Zhidong Zhang, in which the magnetization and coercivity of the 
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Fe2CrSe4 alloy were able to be tuned by varying the composition of the alloy.
8 These results are 
shown in Figure 7.2. 
 
Figure 7.2 Hysteresis loops of the as-prepared Fe3-xCrxSe4 nanostructures measured at (a) 300 K 
and (b) 5 K. The inset in (a) shows the magnetization curves of the Fe2.3Cr0.7Se4.
8 
 
As demonstrated in the above Figure 7.2, simply by varying the composition of the FeCrSe alloy, 
the coercivity and magnetization can be tuned. Based on Figure 7.2(a), a composition of 
Fe2.3Cr0.7Se4 results in the highest coercivity for the material, and thus was chosen as our 
synthetic goal for the following studies.  
 In Chapter 7, the synthetic protocol and characterization for the aforementioned magnetic 
and dielectric nanoparticles is discussed. As previously discussed, these products have yet to be 
investigated for their electromagnetic properties; this is largely due to logistical reasons 
involving experimental set up. Primarily, it is difficult to devise a system to measure the 
electromagnetic response of a material while aligned under an external magnetic field, or to even 
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make in situ magnetic characterizations. While these particles do hold much promise in 
improving the current electromagnetic wave absorbing material technology, a thorough effort 
will be required to adequately develop the proper characterization techniques to explain the 
tunability it is thought that many of these products will display. In the future stages of this 




7.2 SYNTHESIS OF VARIOUS MAGNETIC NANOMATERIALS FOR 
ELECTROMAGNETIC WAVE ABSORPTION  
7.2.1 Experimental Methods 
Chemicals. All materials (metal precursors, organic solvents, ligands, substrates) were 
purchased from Sigma Aldrich. All chemicals were used as received. 
 Synthesis Design. All nanoparticles were synthesized under atmospheric conditions in a 
50 mL Teflon lined autoclave, unless otherwise specified. All synthesis procedures were adapted 
and modified from previous reports. 
7.2.2 Materials Characterization 
Transmission electron microscopy (TEM) images were acquired on a 120 kV, FEI Tecnai 
12 TWIN microscope. X-ray diffraction (XRD) patterns were collected on a PANalytical X’Pert3 
Powder X-Ray Diffractometer equipped with a Cu Kα radiation source (λ=0.15406). Scanning 
transmission electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS) 
characterization of nanoparticles, including spectra collected to produce the elemental maps, 
were conducted on a JEOL 2200FS TEM/STEM equipped with a CEOS aberration (probe) 
corrector and a Bruker-AXS X-Flash 5030 silicon drift X-ray detector. The microscope was 
operated at 200 kV, and the electron beam size was ∼0.7 Å for imaging and ∼2 Å for EDS 
analysis (probe current ∼400-500 pA).  
7.2.3 Synthesis of Fe3O4 Nanorods 
Synthesis of 100 nm Fe3O4 Nanorods.
9 100 nm Fe3O4 nanorods were synthesized by the 
decomposition of iron pentacarbonyl (Fe(CO)5). In a typical synthesis, hexadecylamine (0.628 g, 
2.6 mmol) was dissolved in oleic acid (6.30 mL, 19.83 mmol) and n-octanol (25.06 mL, 0.23 
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mmol), heated at 50°C, and stirred until the reaction solution became homogeneous. Once 
homogeneous, the reaction solution was transferred to a Teflon lined 50 mL autoclave and argon 
gas bubbled through for ~10 minutes. After the reaction solution had been degassed by bubbling 
argon, iron pentacarbonyl (5.69 mL, 43.27 mmol) was injected and the autoclave immediately 
sealed to prevent any inflow of atmospheric oxygen. The reaction-containing autoclave was then 
placed in an oven preheated to 200°C and allowed to react at this temperature for six hours, after 
which the autoclave was removed from the oven and allowed to cool to room temperature. The 
precipitate was collected by centrifugation at 8000 rpm for 10 min, re-dispersed in ethanol, and 
centrifuged two more times at 8000 rpm for 10 min. The final product was dried in air and re-
dispersed in hexanes.  
Materials Characterization of ~100 nm Fe3O4 Nanorods. Transmission electron 
microscopy (TEM) images for the as synthesized Fe3O4 nanorods are shown in Figure 7.3(a). 
Through size distribution analysis, the nanorods have been determined to have length of 90 – 110  
nm and width of 7 – 11 nm. Figure 7.3(b) presents the typical x-ray diffraction (XRD) pattern for 
the Fe3O4 nanorods. All of the peaks align with the expected pattern for a cubic magnetite 
structure as confirmed by their perfect agreement with JCPDS No. 00-09-0629. No other 
diffraction peaks besides those corresponding to Fe3O4 were observed, which indicates high 
purity of our as-synthesized products. The synthesized nanorods would be a good candidate for a 
study to determine the effect of randomly oriented nanorods in comparison to aligned nanorods 




Figure 7.3 (a) TEM images and (b) XRD pattern for Fe3O4 nanorods. 
 
7.2.4 Synthesis of Co Nanowires 
500 – 700 nm Co nanowires were synthesized by the decomposition of cobaltous laurate 
(Co(C12H23O2)2). This synthesis is done in a two-step process. 
(1) Synthesis of cobaltous laurate.2,10,11 In a typical synthesis, lauric acid (C12H24O2) 
(1.763 g, 8.8 mmol) and sodium hydroxide (0.356 g, 8.4 mmol) were dissolved in 8 mL of 
deionized water, heated at 60°C, and stirred until the reaction solution became homogeneous 
(Solution 1). Simultaneously, cobalt chloride hexahydrate (CoCl2·6H2O) (0.953 g, 4.0 mmol) 
was dissolved in 2 mL of deionized water (Solution 2). Once homogeneous, Solution 2 was 
added dropwise to Solution 1 while maintaining a reaction temperature of 60°C. The reaction 
was allowed to stir for 30 minutes at 60°C and then cooled to room temperature. The precipitate 
was collected by centrifugation in deionized water once at 10,000 rpm for 10 min, re-dispersed 
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in methanol, and centrifuged two more times at 10,000 rpm for 10 min. The final product was 
dried in air at 60°C for 12 hours.  
(2) Synthesis of 500 – 700 nm Co Nanowires.2 In a typical synthesis, cobalt laurate (0.206 
g, 0.45 mmol), ruthenium chloride (RuCl3) (0.00037 g, 0.0018 mmol), and hexadecylamine 
(0.058 g, 0.24 mmol) were dissolved in 6 mL of 1,2-butanediol in a 10 mL pressure vessel. The 
pressure vessel was sealed with a rubber stopper and purged with a 7% H2, 93% N2 gas mixture 
for five minutes at room temperature. While remaining in a purging state, the pressure vessel was 
placed in an oil bath and heated to 80°C for 60 minutes with magnetic stirring. After this, the 
pressure vessel with the rubber stopper was removed from the oil bath and immediately 
transferred into a glove box with Ar atmosphere to change the cap from the rubber stopper to a 
Teflon cap and remove the stir bar. The Teflon capped pressure vessel was then taken back out 
of the glove box and placed in an oven preheated to 250°C for 75 minutes, then cooled to room 
temperature. The precipitate was collected by centrifugation in toluene three times at 6,000 rpm 
for 10 min, and re-dispersed in toluene for storage.   
Materials Characterization of 500 – 700 nm Co Nanowires. Transmission electron 
microscopy (TEM) images for the as synthesized Co nanowires are shown in Figure 7.4(a). 
Through size distribution analysis, the nanowires have been determined to have length of 500 – 
700 nm and width of 20 nm. Figure 7.4(b) presents the typical x-ray diffraction (XRD) pattern 
for the Co nanowires. All of the peaks align with the expected pattern for cobalt as confirmed by 
their perfect agreement with JCPDS No. 01-089-4308. No other diffraction peaks besides those 
corresponding to Co were observed, which indicates high purity of our as-synthesized products. 
The synthesized nanowires would be a good candidate for a study to determine the effect of 
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randomly oriented nanowires in comparison to magnetically aligned nanowires for 
electromagnetic wave absorption.  
 
Figure 7.4 (a) TEM images and (b) XRD pattern for Co nanowires. 
 
7.2.5 Synthesis of Co Nanocubes 
30 nm Co nanocubes were synthesized by the decomposition of cobaltous laurate 
(Co(C12H23O2)2). This synthesis is done in a two-step process. 
(1) Synthesis of cobaltous laurate.2,10,11 In a typical synthesis, lauric acid (C12H24O2) 
(1.763 g, 8.8 mmol) and sodium hydroxide (0.356 g, 8.4 mmol) were dissolved in 8 mL of 
deionized water, heated at 60°C, and stirred until the reaction solution became homogeneous 
(Solution 1). Simultaneously, cobalt chloride hexahydrate (CoCl2·6H2O) (0.953 g, 4.0 mmol) 
was dissolved in 2 mL of deionized water (Solution 2). Once homogeneous, Solution 2 was 
added dropwise to Solution 1 while maintaining a reaction temperature of 60°C. The reaction 
was allowed to stir for 30 minutes at 60°C and then cooled to room temperature. The precipitate 
was collected by centrifugation in deionized water once at 10,000 rpm for 10 min, re-dispersed 
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in methanol, and centrifuged two more times at 10,000 rpm for 10 min. The final product was 
dried in air at 60°C for 12 hours.  
(2) Synthesis of 30 nm Co Nanocubes.2 In a typical synthesis, cobalt laurate (0.206 g, 0.45 
mmol), ruthenium chloride (RuCl3) (0.00074 g, 0.0036 mmol), and hexadecylamine (0.058 g, 
0.24 mmol) were dissolved in 6 mL of 1,2-octanediol in a 10 mL pressure vessel. The pressure 
vessel was sealed with a rubber stopper and purged with a 7% H2, 93% N2 gas mixture for five 
minutes at room temperature. While remaining in a purging state, the pressure vessel was placed 
in an oil bath and heated to 80°C for 60 minutes with magnetic stirring. After this, the pressure 
vessel with the rubber stopper was removed from the oil bath and immediately transferred into a 
glove box with Ar atmosphere to change the cap from the rubber stopper to a Teflon cap and 
remove the stir bar. The Teflon capped pressure vessel was then taken back out of the glove box 
and placed in an oven preheated to 250°C for 75 minutes, then cooled to room temperature. The 
precipitate was collected by centrifugation in toluene three times at 6,000 rpm for 10 min, and re-
dispersed in toluene for storage.   
Materials Characterization of 30 nm Co Nanocubes. The synthesis for the Co nanocubes 
follows the same procedure as that of the Co nanowires, however with a varied amount of 
ruthenium chloride. Transmission electron microscopy (TEM) images for the as synthesized Co 
nanocubes are shown in Figure 7.5(a). Through size distribution analysis, the nanocubes have 
been determined to have length of 25 – 35 nm and a wide range of widths from 10 – 30 nm. 
Figure 7.5(b) presents the typical x-ray diffraction (XRD) pattern for the Co nanocubes. All of 
the peaks align with the expected pattern for cobalt as confirmed by their perfect agreement with 
JCPDS No. 01-089-4308. No other diffraction peaks besides those corresponding to Co were 
observed, which indicates high purity of our as-synthesized products. The synthesized nanowires 
233 
 
would be a good candidate for a study to determine the effect of shape by comparison to the 
previously discussed Co nanowires, or Co nanoparticles discussed in Chapter 4, for 
electromagnetic wave absorption.  
 
Figure 7.5 (a) TEM images and (b) XRD pattern for Co nanocubes. 
 
7.2.6 Synthesis of Co Nanorods 
100 nm Co nanorods were synthesized by the decomposition of cobaltous laurate 
(Co(C12H23O2)2). This synthesis is done in a two-step process. 
(1) Synthesis of cobaltous laurate.2,10,11 In a typical synthesis, lauric acid (C12H24O2) 
(1.763 g, 8.8 mmol) and sodium hydroxide (0.356 g, 8.4 mmol) were dissolved in 8 mL of 
deionized water, heated at 60°C, and stirred until the reaction solution became homogeneous 
(Solution 1). Simultaneously, cobalt chloride hexahydrate (CoCl2·6H2O) (0.953 g, 4.0 mmol) 
was dissolved in 2 mL of deionized water (Solution 2). Once homogeneous, Solution 2 was 
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added dropwise to Solution 1 while maintaining a reaction temperature of 60°C. The reaction 
was allowed to stir for 30 minutes at 60°C and then cooled to room temperature. The precipitate 
was collected by centrifugation in deionized water once at 10,000 rpm for 10 min, re-dispersed 
in methanol, and centrifuged two more times at 10,000 rpm for 10 min. The final product was 
dried in air at 60°C for 12 hours.  
(2) Synthesis of 100 nm Co Nanorods.2 The synthesis for the Co nanorods follows the 
same procedure as that of the Co nanowires, however with a varied amount of ruthenium 
chloride. In a typical synthesis, cobalt laurate (0.206 g, 0.45 mmol), ruthenium chloride (RuCl3) 
(0.00055 g, 0.0027 mmol), and hexadecylamine (0.058 g, 0.24 mmol) were dissolved in 6 mL of 
1,2-octanediol in a 10 mL pressure vessel. The pressure vessel was sealed with a rubber stopper 
and purged with a 7% H2, 93% N2 gas mixture for five minutes at room temperature. While 
remaining in a purging state, the pressure vessel was placed in an oil bath and heated to 80°C for 
60 minutes with magnetic stirring. After this, the pressure vessel with the rubber stopper was 
removed from the oil bath and immediately transferred into a glove box with Ar atmosphere to 
change the cap from the rubber stopper to a Teflon cap and remove the stir bar. The Teflon 
capped pressure vessel was then taken back out of the glove box and placed in an oven preheated 
to 250°C for 75 minutes, then cooled to room temperature. The precipitate was collected by 
centrifugation in toluene three times at 6,000 rpm for 10 min, and re-dispersed in toluene for 
storage.   
Materials Characterization of 100 nm Co Nanorods. Transmission electron microscopy 
(TEM) images for the as synthesized Co nanorods are shown in Figure 7.6(a). Through size 
distribution analysis, the nanorods have been determined to have length of 100 – 130 nm and a 
width from 10 – 15 nm. Figure 7.6(b) presents the typical x-ray diffraction (XRD) pattern for the 
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Co nanorods. All of the peaks align with the expected pattern for cobalt as confirmed by their 
perfect agreement with JCPDS No. 01-089-4308. No other diffraction peaks besides those 
corresponding to Co were observed, which indicates high purity of our as-synthesized products. 
The synthesized nanowires would be a good candidate for a study to determine the effect of 
shape and compared to the previously discussed Co nanowires, Co nanocubes, or Co 
nanoparticles discussed in Chapter 4, for electromagnetic wave absorption.  
 
Figure 7.6 (a) TEM images and (b) XRD pattern for Co nanorods. 
 
7.2.7 Synthesis of Fe2CrSe4 Hard Magnetic Alloy 
Synthesis of 5 nm Fe2CrSe4 Nanoparticles.
8 10 nm Fe2CrSe4 nanoparticles were 
synthesized by the decomposition of iron (III) acetylacetonate (Fe(acac)3) and chromium (III) 
acetylacetonate (Cr(acac)3). In a typical synthesis, iron (III) acetylacetonate (0.371 g, 1.05 mmol) 
and chromium (III) acetylacetonate (0.349 g, 1.0 mmol) were dissolved in 9 mL oleylamine and 
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1 mL oleic acid and heated for 20 min at 180°C to promote the decomposition of the Fe and Cr. 
After 20 minutes, the reaction temperature was increased to 200°C and selenium powder (0.158 
g, 2.0 mmol) dissolved in 3 mL of oleylamine was injected. The reaction was then refluxed for 
10 min at a higher temperature (300°C) and the temperature decreased to 250°C for 60 minutes 
for nanoparticle growth. The precipitate was collected by centrifugation at 6000 rpm for 10 min, 
re-dispersed in ethanol, and centrifuged once again at 6000 rpm for 10 min. The final product 
was re-dispersed in hexanes and stabilized with 2-3 drops of oleylamine.  
Materials Characterization of 5 nm Fe2CrSe4 Nanoparticles. Transmission electron 
microscopy (TEM) images for the as synthesized Fe2CrSe4 nanoparticles are shown in Figure 
7.7(a). Through size distribution analysis, the Fe2CrSe4 nanoparticles have been determined to 
have an average size of 5.32 nm. Figure 7.7(b) presents the typical x-ray diffraction (XRD) 
pattern for the Fe2CrSe4 nanoparticles. All of the peaks align with the expected pattern for a 
cubic magnetite structure as confirmed by their perfect agreement with JCPDS No. 01-089-1966. 
No other diffraction peaks besides those corresponding to Fe2CrSe4 were observed, which 
indicates high purity of our as-synthesized products. The Fe2CrSe4 nanoparticles were 
synthesized in the composition Fe2.15Cr0.85Se4 as determined by energy dispersive x-ray 
spectroscopy (EDX). The synthesized Fe2CrSe4 nanoparticles would be a good candidate for a 








7.3 SYNTHESIS OF VARIOUS DIELECTRIC MATERIALS FOR 
ELECTROMAGNETIC WAVE ABSORPTION 
7.3.1 Experimental Methods 
Chemicals. All materials (metal precursors, organic solvents, ligands, substrates) were 
purchased from Sigma Aldrich. All chemicals were used as received. 
 Synthesis Design. All nanoparticles were synthesized under atmospheric conditions in a 
50 mL Teflon lined autoclave, unless otherwise specified. All synthesis procedures were adapted 
and modified from previous reports. 
7.3.2 Materials Characterization 
Transmission electron microscopy (TEM) images were acquired on a 120 kV, FEI Tecnai 
12 TWIN microscope. X-ray diffraction (XRD) patterns were collected on a PANalytical X’Pert3 
Powder X-Ray Diffractometer equipped with a Cu Kα radiation source (λ=0.15406). Scanning 
transmission electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS) 
characterization of nanoparticles, including spectra collected to produce the elemental maps, 
were conducted on a JEOL 2200FS TEM/STEM equipped with a CEOS aberration (probe) 
corrector and a Bruker-AXS X-Flash 5030 silicon drift X-ray detector. The microscope was 
operated at 200 kV, and the electron beam size was ∼0.7 Å for imaging and ∼2 Å for EDS 
analysis (probe current ∼400-500 pA).  
7.3.3 Synthesis of Free Standing TiO2 Nanorods and Conversion to BaTiO3 
Free standing TiO2 nanorods were purchased from nanoComposix. The TiO2 nanorods 
were of average length 55 nm and width 15 nm, surface functionalized with stearic acid, and 
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Figure 7.8 Commercial TiO2 specs provided by nanoComposix. 
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Conversion of Free Standing TiO2 Nanorods to BaTiO3 Nanorods.
5,6 Commercial free 
standing TiO2 nanorods were converted to BaTiO3 by a reaction with barium hydroxide 
(Ba(OH)2. In a typical reaction, 20 mL of 0.2 M barium hydroxide octahydrate (Ba(OH)2·8H2O)) 
was mixed with 1 mg of the commercial TiO2 nanorods in a Teflon lined 50 mL autoclave. The 
reaction-containing autoclave was then sealed and placed in an oven preheated to 210°C and 
allowed to react at this temperature for eight hours, after which the autoclave was removed from 
the oven and allowed to cool to room temperature. The precipitate was collected by washing 
three times, once with 0.2 M HCl, once with deionized water, and once with ethanol. The final 
product was dried in an oven at 600°C for 30 minutes and collected in a vial.  
Materials Characterization of Free Standing BaTiO3 Nanorods. Transmission electron 
microscopy (TEM) images for the as synthesized free standing BaTiO3 nanorods are shown in 
Figure 7.9(a). Scanning electron microscopy (SEM) images for the as synthesized free standing 
BaTiO3 nanorods are shown in Figure 7.9(b). Through size distribution analysis, the nanorods 
have been determined to have length of ~75 nm and width of 25 nm. The slight increase in size 
from the initial commercial TiO2 nanorods is likely due to nanorod growth during the heating 
step of the conversion to BaTiO3 as previously outlined. Figure 7.9(c) presents the typical x-ray 
diffraction (XRD) pattern for the BaTiO3 nanorods. All of the peaks align with the expected 
pattern as confirmed by their perfect agreement reported patterns in literature.6 No other 
diffraction peaks besides those corresponding to BaTiO3 were observed, which indicates high 
purity of our as-synthesized products. Figure 7.9(d) displays the elemental composition of the 
BaTiO3 nanorods as determined by energy dispersive x-ray spectroscopy (EDX). The BaTiO3 
nanorods were synthesized in the composition Ba0.05TiO2.98. Increasing the amount of Ba(OH)2 
in the synthetic process may help to increase the barium amount. The composition of titanium 
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and oxygen are as expected. Similar to the previous section on magnetic nanomaterials, the 
synthesized nanorods would be a good candidate for a study to determine the effect of randomly 
oriented nanorods in comparison to electrically aligned nanorods for electromagnetic wave 
absorption. 
 
Figure 7.9 (a) TEM image, (b) SEM image, (c) XRD pattern, and (d) EDX data for free standing 
BaTiO3 nanorods. An inset is included to display a reported BaTiO3 XRD pattern. 
 
7.3.4 Synthesis of TiO2 Nanorods via FTO Glass Substrate and Conversion to BaTiO3  
Synthesis of TiO2 Nanorods on FTO Glass Substrate.
6 TiO2 nanorods were synthesized 
by the decomposition of titanium isopropoxide (C12H28O4Ti). In a typical synthesis, a 1.8 cm x 
1.8 cm square of fluorine doped tin oxide (FTO) glass and titanium isopropoxide (1 mL, 3.38 
mmol) were put in a Teflon lined 50 mL autoclave along with 10 mL deionized water and 10 mL 
hydrochloric acid. The reaction-containing autoclave was then placed in an oven preheated to 
150°C and allowed to react at this temperature for five hours, after which the autoclave was 
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removed from the oven and allowed to cool to room temperature. Once at room temperature, the 
glass was removed and gently washed with ethanol and deionized water so as not to detach any 
TiO2 nanorods.  
Conversion of TiO2 Nanorods on FTO Glass Substrate to BaTiO3 Nanorods.
5,6 TiO2 
nanorods on the FTO glass substrate were converted to BaTiO3 by a reaction with barium 
hydroxide (Ba(OH)2. In a typical reaction, a 1.8 cm x 1.8 cm square of TiO2 nanorods on FTO 
glass was placed in a Teflon lined 50 mL autoclave and 20 mL of 0.2 M barium hydroxide 
octahydrate (Ba(OH)2·8H2O)) was added. The reaction-containing autoclave was then sealed and 
placed in an oven preheated to 210°C and allowed to react at this temperature for eight hours, 
after which the autoclave was removed from the oven and allowed to cool to room temperature. 
The precipitate was collected by gently washing three times, once with 0.2 M HCl, once with 
deionized water, and once with ethanol. The final product was dried in an oven at 600°C for 30 
minutes and collected in a vial.  
Materials Characterization of BaTiO3 Nanorods on FTO Glass Substrate. Scanning 
electron microscopy (SEM) images for the as synthesized TiO2 and BaTiO3 nanorods on an FTO 
glass substrate are shown in Figure 7.10. Through size distribution analysis, the TiO2 nanorods 
have been determined to have length of 500 – 800 nm and width of 100 nm. There was no size 
change upon conversion to BaTiO3. Unfortunately, no x-ray diffraction (XRD) pattern for the 
TiO2 or BaTiO3 nanorods on FTO glass was able to be collected as the FTO glass dominated the 
spectrum so no TiO2 or BaTiO3 signal could be seen. A similar complication was encountered 
when determining the elemental composition of the BaTiO3 nanorods by energy dispersive x-ray 
spectroscopy (EDX) as the signal was dominated by the tin from the substrate. Several attempts 
were made to remove the nanorods from the FTO glass substrate for XRD and EDX analysis 
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with no success. Attempted methods included sonication in a variety of organic solvents and 
physical scraping of the glass to try to remove the nanorods by a sheer force. Similar to the 
previous section on magnetic nanomaterials, the synthesized nanorods would be a good 
candidate for a study to determine the effect of randomly oriented nanorods in comparison to 
electrically aligned nanorods for electromagnetic wave absorption. However, as a disclaimer, the 
nanorods would need to be removed from the FTO substrate first.  
 
 
Figure 7.10 SEM images for the conversion of TiO2 on an FTO glass substrate to BaTiO3. 
 
7.3.5 Synthesis of TiO2 Nanowires via Titanium Foil Substrate and Conversion to BaTiO3 
Synthesis of TiO2 Nanowires on Titanium Foil.
5 In a typical synthesis, a 1.8 cm x 1.8 cm 
square of prewashed titanium foil (washed with deionized water) was placed in a Teflon lined 50 
mL autoclave along with 30 mL of 1.0 M sodium hydroxide. The reaction-containing autoclave 
was then placed in an oven preheated to 220°C and allowed to react at this temperature for six 
hours, after which the autoclave was removed from the oven and allowed to cool to room 
244 
 
temperature. Once at room temperature, the foil was removed and immediately washed with 
ethanol and then soaked in 0.1 M HNO3 for 1 hour. This process was repeated two more times.  
The foil was then removed from the nitric acid wash and dried in air at 70°C for 12 hours. 
Conversion of TiO2 Nanowires on Titanium Foil to BaTiO3 Nanowires.
5,6 The TiO2 
nanowires on titanium foil were converted to BaTiO3 by a reaction with barium hydroxide 
(Ba(OH))2. In a typical reaction, a 1.8 cm x 1.8 cm square of TiO2 nanowires on titanium foil 
was placed in a Teflon lined 50 mL autoclave and 20 mL of 0.2 M barium hydroxide octahydrate 
(Ba(OH)2·8H2O)) was added. The reaction-containing autoclave was then sealed and placed in an 
oven preheated to 210°C and allowed to react at this temperature for eight hours, after which the 
autoclave was removed from the oven and allowed to cool to room temperature. The precipitate 
was collected by gently washing three times, once with 0.2 M HCl, once with deionized water, 
and once with ethanol. The final product was dried in an oven at 600°C for 30 minutes and 
collected in a vial.  
Materials Characterization of BaTiO3 Nanowires on Titanium Foil. Scanning electron 
microscopy (SEM) images for the as synthesized TiO2 and BaTiO3 nanowires on titanium foil 
are shown in Figure 7.11. Through size distribution analysis, the TiO2 nanowires have been 
determined to be hundreds of microns in length, with a width close to 1 μm. Upon conversion to 
BaTiO3, the nanowires became a more defined network as evidenced in Figure 7.11. Once again, 
no x-ray diffraction (XRD) pattern  or energy dispersive x-ray spectroscopy (EDX)  data for the 
TiO2 or BaTiO3 nanowires on titanium foil were able to be collected as the titanium foil 
dominated the spectrum so no TiO2 or BaTiO3 signal could be seen. As with the previous TiO2 
samples, or magnetic nanomaterials, the synthesized nanowires would be a good candidate for a 
study to determine the effect of randomly oriented nanowires in comparison to electrically 
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aligned nanowires for electromagnetic wave absorption. These nanowires could also be used to 
study any differences in electromagnetic behavior due to size or morphology of the dielectric 
materials as their size and shape greatly differ from previously synthesized BaTiO3 products.  
 
 




 In Chapter 7, we have synthesized a variety of new promising magnetic or dielectric 
nanomaterials to be studied for electromagnetic wave absorption. For the most part, these 
materials all display a shape anisotropy and can be aligned along an easy axis upon exposure to 
an external magnetic or electric field. An interesting study would involve comparing the 
electromagnetic response of these materials while aligned along their easy axis and while 
randomly oriented in order to determine the effect of shape anisotropy on electromagnetic 
properties and electromagnetic wave absorption. Findings from a study such as this could have 
large implications for future electromagnetic wave absorption technologies. We have also 
synthesized Fe2.15Cr0.85Se4, a hard magnetic alloy with composition tunable coercivity and 
magnetization. This material has never been explored for electromagnetic wave absorption and 
should be characterized. The work presented in this chapter should be used as a starting point for 
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Chapter 8. Conclusions and Future Directions 
 
8.1 CONCLUSIONS AND FUTURE DIRECTIONS 
 
 Utilization of the unique properties of nanoscale materials to help better understand and 
improve the current state of radar absorbing materials (RAMs) has motivated the work presented 
throughout this dissertation. In the rapidly advancing technological world which exists today, it 
is more important than ever that new radar absorbing technologies are developed to meet the 
demands of consumers.1–4 In the public health sector, new RAMs are needed to protect humans 
from electromagnetic radiation emitted from cell phones, lap tops, and other portable media 
devices.5–7 In the military and defense sector, new RAMs are needed to combat the inevitable 
improvements in radar detection systems and help our military achieve stealth.8–10 Through our 
investigation of RAMs we put extra emphasis on their real world applicability and attempted to 
be as realistic as possible in designing our experiments. While much of the research in this field 
in academia is directed towards developing new RAM technologies regardless of end stage 
applicability, our approach was to step back and lay the ground work for developing RAMs from 
first principles by investigating the fundamentals by which these materials work.10 With this 
approach, it may actually be possible to build the ‘perfect absorber’ from first principles as each 
stage of the absorber development process will be studied in immense detail.  
 Our first study presents a detailed investigation of the effect of nanoparticle size on 
electromagnetic wave absorption properties.11 In this particular case, we compared the 
electromagnetic wave absorption capabilities of five different sizes of Fe3O4 nanoparticles: 5 nm, 
10 nm, 20 nm, 100 nm, and a micron size. Using fundamental organic solution synthesis theory 
and techniques, we were able to develop protocols for the synthesis of monodisperse Fe3O4 in the 
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nanoscale sizes (5 nm, 10 nm, 20 nm, and 100 nm), while the micron size was purchased from a 
commercial supplier.12–14 We then characterized the structural, compositional, and magnetic 
properties of the particles and measured their electromagnetic wave absorption properties. It was 
seen that as nanoparticle size increases, the intensity of electromagnetic wave absorption 
increases while the frequency of absorption decreases (i.e. larger particles are more effective 
than smaller particles and are effective at lower frequencies). Upon further investigation it was 
seen that this behavior is largely due to the saturation magnetization, Ms, of the materials. The 
larger particles had a larger Ms, and thus a higher magnetic loss, or μʺ, and were more effective at 
absorbing the electromagnetic radiation.15,16 We then investigated the effect of mixing sizes of 
Fe3O4 together and determined that the response is governed by standard exchange coupling 
mechanisms. As a basis for this system has already been laid, future studies using this system 
could involve the construction of a multilayer absorber with discretely arranged spacing between 
the layers. It would be an interesting study to determine if layered sizes have the same effect as 
mixed sizes, and at what spacing the layers become apparent in the electromagnetic absorption 
response.  
Following the blueprint in the first study, the second study presents a detailed 
investigation of the effect of doping on electromagnetic wave absorption properties.17 In this 
study, we compared the electromagnetic wave absorption capabilities of five different 5 nm 
ferrites of composition MFe2O4: Fe3O4, CoFe2O4, MnFe2O4, CuFe2O4, and MgFe2O4. Once again, 
using fundamental organic solution synthesis theory and techniques, we were able to develop 
protocols for the synthesis of monodisperse ferrite nanoparticles of size ~5 nm and of M:Fe 
composition 1:2.14 We then characterized the structural, compositional, and magnetic properties 
of the particles and measured their electromagnetic wave absorption properties. In terms of 
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electromagnetic wave absorption intensity, the following trend was observed: CoFe2O4 ≈ 
MnFe2O4 ≈ Fe3O4 < MgFe2O4 < CuFe2O4. In terms of electromagnetic wave absorption 
frequency, the following trend was observed: CuFe2O4 < CoFe2O4 < MnFe2O4 ≈ MgFe2O4 ≈ 
Fe3O4. Interestingly enough, upon further investigation it was seen that this behavior is largely 
due to the dielectric properties of the materials rather than the magnetic properties. As our study 
focused on the magnetic properties of the materials, a future study with this system should delve 
into the dielectric properties of the materials in order to determine how they play a role in 
governing the electromagnetic absorption responses, and why the dielectric properties have a 
greater influence than do the magnetic properties.  
The third study follows the same blueprint as the first and second, and presents a detailed 
investigation of the effect of alloying on electromagnetic wave absorption properties. In this 
effort, we compared the electromagnetic wave absorption capabilities of three different 5 nm 
magnetic materials and their bimetallic alloys: Fe, Co, Ni, FeCo, CoNi, and FeNi2. Once again, 
using fundamental organic solution synthesis theory and techniques, we were able to develop 
protocols for the synthesis of monodisperse nanoparticles of size ~5 nm.18–21 We then 
characterized the structural, compositional, and magnetic properties of the particles and 
measured their electromagnetic wave absorption properties. In terms of electromagnetic wave 
absorption intensity, the following trend was observed: CoNi ≈ CoFe ≈ FeNi2 ≈ Ni < Co < Fe. In 
terms of electromagnetic wave absorption frequency, the following trend was observed: Fe < Co 
< Ni < FeNi2 ≈ CoNi < CoFe. It was expected that the alloyed particles would display a hybrid 
response of their two ground state metal components, however upon further investigation it was 
seen that all of the alloyed nanoparticles display less effective electromagnetic wave absorption 
capabilities than their ground state counterparts and are in fact worse absorbers. A future study 
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with this system should further explore the effects of alloying with other systems and systems of 
higher order, such as a ternary or quaternary alloy, to gain a more firm understanding of the role 
that alloying plays in governing the electromagnetic absorption responses. A promising study 
would be to investigate the electromagnetic wave absorption properties of high entropy alloys, an 
area of research gaining much attention in recent years.  
 In Chapter 5, we leave the realm of fundamental investigation of electromagnetic wave 
absorption and enter into a more application-like study. In this chapter, we aimed to take our 
findings in Chapters 2 – 4 one step further and apply a radar absorbing material to natural 
basswood to determine if the same principles discovered at the fundamental level still hold when 
the absorbing media is embedded into a porous host matrix. In this study, we once again utilized 
our organic solution synthesis expertise to synthesize 10 nm Fe3O4 nanoparticles.
13 Through trial 
and error we were able to develop an efficient and adequate impregnation process through which 
the Fe3O4 was inserted into the pores of the basswood. We then characterized the structural, 
compositional, and magnetic properties of the wood/particle composite and measured the 
electromagnetic wave absorption properties. The data shows that the basic physics and principles 
studied in Chapters 2 – 4 still hold when the nanoparticles are embedded into a wood matrix, and 
there is no reason to believe that this process couldn’t be applied to a variety of hosts or 
templates, such as polymers or porous metal foams. In addition, we have shown that a porous 
material may in fact have improved electromagnetic absorption capabilities, which could lead to 
the development of lighter weight, more cost effective microwave absorbers for planes, 
submarines, or other military vessels. A future effort in this direction should involve expanding 
this process into a variety of host media, such as metal foams or other porous metals, which will 
be more applicable to functional building materials for planes or submarines.  
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Our next exploration continues the theme of magnetic nanoparticles but shifts focus to 
their biofunctionalization and applications in the biomedical and public health sectors. 
Specifically, we look into the use of magnetic nanoparticles as vehicles for use in drug delivery 
in the treatment of circulating tumors cells (CTCs) as well as for use in wastewater treatment and 
virus capture techniques.22–25 Similar to Chapter 5, we utilized our organic solution synthesis 
expertise to synthesize 10 nm Fe3O4 nanoparticles. Through a systematic investigation we were 
able to develop efficient and adequate techniques for the preparation of these nanoparticles as 
biofunctional materials. Our efforts presented the entire protocol development process from start 
to finish: synthesis of the superparamagnetic iron oxide, ligand exchange and phase transfer of 
the particles to aqueous solution, and antibody conjugation.13,14,26 Included in our investigation 
was the screening of appropriate particle size and appropriate length of water soluble PEG 
ligands for adequate magnetic capture either in vivo or in vitro.  In both cases, our findings 
suggest that there is an optimum size of nanoparticle, and optimum length of PEG chain for 
magnetic capture. The optimum size is an intermediate size of ~10 nm, as smaller particles are 
too stable in aqueous environment and cannot be captured, while larger particles succumb to 
gravitational sedimentation forces too quickly to be considered for an in vivo experiment. 
Similarly, the optimum chain length PEG was determined to be intermediate size as it is long 
enough to promote particle stabilization to prevent sedimentation under gravitational forces, but 
still allow for capture in the presence of an external magnetic field. Future work should build on 
this study and treat this study as a template for which drug delivery and/or virus capture 
processes involving nanomaterials could be developed.  
Finally, our last endeavor circles back to the application of magnetic nanoparticles for 
electromagnetic wave absorption and explores the synthesis of various magnetic materials with a 
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shape anisotropy that could be used for electromagnetic wave absorption.27 For this study, rods 
and wires were predominantly chosen due to the large difference in the magnetic properties the 
materials display when aligned to a magnetic field along the easy axis in comparison with a 
random orientation.9,10 Stemming from the tunability in the magnetic or dielectric properties, it is 
thought that an aligned vs. randomly oriented materials will also display tunable electromagnetic 
wave absorption properties, and can thus be used as advanced materials for electromagnetic 
wave absorption simply by adjusting the strength of the magnetic or electric field present. 
Materials synthesized in this work include Fe3O4 nanorods, Co nanowires, Co nanocubes, and Co 
nanorods.28,29 Future studies in this direction should involve comparing the electromagnetic 
response of these materials while aligned along their easy axis and while randomly oriented in 
order to determine the effect of shape anisotropy on electromagnetic properties and 
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